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ABSTRACT

Dzakovich, Michael P. MS, Purdue University, August 2015. Can We Put Photobiology
to Work? Using Supplemental Light to Manipulate the Nutritional and Sensory Properties
of Greenhouse Tomatoes. Major Professor: Cary A. Mitchell.

While generally viewed within the context of plant growth and development,
different qualities of light are also powerful elicitors of secondary metabolic pathways in
plants that affect the nutritional value and flavor of edible tissues. Leveraging
fundamental photobiology principles, our studies sought to use different qualities of
supplemental light including ultraviolet-B (UV-B), UV-A, blue, red, and far-red as an
environmental treatment to restore garden-grown flavor and nutritional attributes to
greenhouse-grown tomatoes (Solanum lycopersicum); a commercially important crop that
has a poor reputation compared to its garden-grown counterparts. To test our hypotheses,
we used a battery of physicochemical analyses that included total soluble solids,
citric/ascorbic acid content, pH, and electrical conductivity of tomato fruits. Additionally,
phenolic compounds in fruit tissues were quantified broadly using the Folin-Ciocalteu
method and specific flavonoids were quantified with a more targeted approach using
HPLC-ESI (-)-MS. Lycopene and β-carotene were quantified spectrophotometrically. In
one study, qPCR was used to quantify genes involved in light-signal transduction in order
to better understand the molecular underpinnings of plant UV-B perception. Two studies
included consumer sensory panels to assess the impact of supplemental light quality on
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the flavor and overall perceived quality of tomato fruits, as many compounds related to
flavor perception are derived from the same pathways as carotenoids and flavonoids. Our
data indicate that blue, red, and far-red light had little impact on secondary metabolic
processes in greenhouse-grown tomato fruits. UV-B, a wavelength of radiation blocked
by greenhouse glass and a driver of flavonoid production, had a slight impact on
nutritionally-relevant flavonols. However, UV-A most strongly impacted the sensory
quality of greenhouse tomato fruits by increasing aroma and overall perception scores,
offering a novel way to enhance the flavor of tomatoes using these qualities of light.
Overall, the wavelengths of light used in these studies did not affect plant metabolism as
markedly as was predicted. More research is needed to better understand how plants react
to supplemental lighting while growing in a highly dynamic light environment such as a
greenhouse.

1

CHAPTER 1: LITERATURE REVIEW

A Brief History of Tomatoes
The origin of the tomato (Solanum lycopersicum L.) lies high in the Andes
Mountains where the cherry tomato (Solanum lycopersicum var. cerasiforme), the likely
ancestor of large tomatoes, was domesticated from its wild ancestor Solanum
pimpinellifolium (Lin et al., 2014). The major domestication events that have led to the
modern tomato ostensibly occurred in Mexico, although evidence for this is not
completely unquestionable (Bai and Lindhout, 2007). The means by which the tomato
was brought from South to Central America remains unknown, though. Tomato species
present on the Galapagos Islands were likely spread there through the ingestion and
eventual excretion by turtles (Smith, 1994). It is reasonable to assume that the tomato
could have easily been dispersed by non-human means from South to Central America.

In the 16th century, tomatoes were brought to Europe, and then to other parts of
the world, most notably by Spanish explorers led by Hernán Cortés (Jenkins, 1948).
Tomatoes quickly infiltrated the cuisines of many Mediterranean nations and eventually
spread into England during the 1590’s (Smith, 1994). During the same period, Spanish
explorers brought tomato seeds to colonies in the Philippines, where the crop eventually
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spread into southeast and mainland Asia. Botanist Pietro Andrea Matthioli described in a
publication the mala aurea (golden apple), and detailed the transition from its green to
eventual gold color. This has been reported as the first mention of the tomato in Europe.
Matthioli grouped all Solanaceous plants with mandrakes and tomatoes, which led people
to assume that tomatoes had the same aphrodisiac properties of mandrake fruits.
Unfortunately, their close resemblance to the deadly nightshade gave the tomato a
reputation of being poisonous, particularly in northern Europ,e where the plant was used
primarily for decoration. In Matthioli’s second addition of his herbal, published in 1554,
he switches from the use of mala aurea to pomi d’oro, which is still commonly used in
Italy (Smith, 1994).

Tomato breeding efforts during the last century have largely focused on yield,
uniformity of ripening, and ease of shipping. (Georgelis et al., 2004; Powell et al., 2012).
Some of these efforts have been augmented by the inclusion of wild species (Rick, 1960).
That said, modern tomatoes have about 5% the genetic diversity of their wild
counterparts due to bottlenecks that occurred when the crop was being domesticated in
Central America and Europe (Miller and Tanksley, 1990; Rick, 1995). To the detriment
of the tomato’s reputation, breeding programs in the 20th century inadvertently neglected
flavor and, to some extent, nutritional value (Klee and Tieman, 2013). Clearly, there is
great potential in introgressing genes from wild relatives into domesticated lines to
improve yield, disease resistance, nutritional properties, and/or flavor. Now, breeding
programs are focusing on recovering some of these lost attributes in an effort to combat
the negative stigma that the tomato has suffered among consumers.
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Cultivation of Tomatoes in Greenhouses
Greenhouses represent a range of structures designed to maintain a certain
environmental conditions as well as shelter plants from biotic and abiotic stresses.
Greenhouses range from minimalistic, rudimentary high tunnels covered in polyethylene
film to expansive glass-covered structures whose environments are monitored and
controlled using computers (Hanafi, 2003). Naturally, the cost of growing produce in
greenhouses tends to be high relative to field-grown crops because of the costs associated
with the construction and overhead of the greenhouse system. However, in a carefully
managed business scheme, greenhouse crop production can be quite profitable. The
ability to control the growing conditions means ameliorating the effects of inclement
weather that might otherwise devastate a field-grown crop (e.g. hailstorms). Additionally,
greenhouses can accommodate hydroponic production systems, resulting in exceedingly
high growth and yield rates (Savvas, 2003). Perhaps the most advantageous aspect of
greenhouse production is the ability to supply produce during the winter or at any other
time when it is no longer practical to grow certain crops in the field and when produce
needs to be imported long distances. This gives greenhouse producers the leverage to
charge premium prices for their produce during the off-season. However, greenhousegrown produce is often viewed by consumers as inferior, both from a sensory and
nutritional standpoint, compared to field-grown produce (Munoz, et al. 2008). That said,
it can still be profitable for growers to produce tomatoes and other high-value vegetables
in greenhouse systems.
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Currently, tomatoes are the most cultivated vegetable in the world with a global
yield in 2013 of approximately 164 million tons and a global net production value in
2012 of $56 billion (FAO, 2014; Vincent et al., 2013). As a warm weather crop that
grows well using hydroponic growing systems, tomatoes lend themselves to being
cultivated in greenhouses. Approximately 40% of all tomatoes grown in the United States
are grown in greenhouses, indicating the significant role that greenhouses play in the
supply chain of tomatoes (USDA-ERS, 2012). Interestingly, only a few large greenhouse
producers dominate the production of tomatoes in North America (USDA-ERS, 2005).
Many of these greenhouses are located in the Southwestern United States, where solar
light is abundant throughout the year (Cook and Calvin, 2005). Still, there are greenhouse
facilities in northern latitudes (primarily in Ontario, Canada) that supply a portion of
North America’s tomato demand. In order to maintain yields during the low-light winters,
these growers must rely on supplemental lighting (Dorais et al., 1991). That said, energy
represents the second largest indirect cost of greenhouse production, being only second to
labor (Frantz et al., 2010). This has catalyzed a tremendous amount of innovation in
supplemental lighting after its origins in the late nineteenth century.

Supplemental Lighting
Electric lighting in the context of plant cultivation began in the late nineteenth
century and occurred concurrently with a time period known as the “War of Currents”,
during which major advances in electrical engineering were being made primarily by
Thomas Edison and Nikola Tesla, although some earlier work with lamps exists
(Mangon, 1861; Prilleux, 1869) (Found in (Pfeiffer, 1926)). Some of the first lamps used
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for growing plants at large scales were carbon arc lamps (Siemens, 1880; Parker and
Borthwick, 1949). Siemens coined the term “Electro-Horticulture” as a way to describe
this new way to cultivate plants. Being a relatively new technology and due to the fact
that electric lighting was not designed specifically for plant growth and development,
these early lamps were not nearly as effective as electric light sources used today. One
major reason is that the spectrum of these lamps was not ideal for photosynthesis, and
more broadly, for the growth of plants. These lamps emitted harmful doses of ultraviolet
radiation and had an otherwise blue-biased spectrum (Parker and Borthwick, 1949). The
other is that the conversion rate of these lamps of electricity into usable photons was not
nearly as good as modern lamps.

Eventually, elements including argon, neon, and sodium were tested and became
the foundation for modern supplemental lighting platforms (Murdoch, 1985). Arthur and
Stewart (1935) found that sodium was an excellent element to use in mercury vapor
lamps in terms of plant growth when compared to incandescent bulbs of the time, which
had efficiencies between 2 and 13% (Agrawal, 1996). These lamps evolved into what
became known as high-pressure sodium (HPS) lamps during the 1950s and 60s
(Murdoch, 1985). With this advancement came higher electrical conversion efficiencies,
longer fixture/bulb life, and a broad spectrum that is amenable for a host of plant species
(Cathey and Campbell, 1980).
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The inclusion of phosphor coatings within early low-pressure mercury bulbs led
to the creation of fluorescent lamps for plant growth (Withrow and Withrow, 1947).
Different phosphors could be formulated to yield unique spectra; aiding early plant
physiologists in teasing out specific plant responses to different qualities of light. From a
standpoint of basic research, the ability to tailor light spectra was a pivotal breakthrough.
However, it was not until the 1990s that light emitting diodes (LEDs) revolutionized the
way plant physiology and photobiology research is conducted (Bula et al., 1991; Barta et
al., 1992).

LEDs leverage the principle of electroluminescence (excited electrons emitting
photons when transitioning to a lower energy state) in order to generate light (Wheeler,
2008). This is accomplished by electrons moving through a semiconductor (typically a
Gallium alloy) and replacing missing electrons on the other side of the junction between
two segments of semiconductors. The energy gap is determined by modifying the width
of the gap between the two segments of semiconductors, which determines the color of
light emitted. (Mitchell et al., 2015). Unlike any of the other light sources mentioned in
this review, LEDs are capable of emitting narrow waveband light, giving applied and
basic researchers an invaluable tool for photobiological research.

LEDs can be manufactured to emit light from 250 nm to around 1000 nm;
spanning ultraviolet-C (UV-C; 100-280 nm) to the near-infrared region (780-1500 nm).
Additionally, half-peak bandwidths are generally between 25 and 50 nm, representing the
most precise form of spectral control currently available (Mitchell et al., 2015). LEDs can
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also be manufactured with phosphor coatings to generate broadband light in a manner
similar to fluorescent lamps, although they are relatively inefficient, and limited studies
have been conducted on plant growth (Massa et al., 2008).

Another distinct advantage of LEDs is that very little radiant heat is present in the
light produced by LEDs themselves. Therefore, LEDs can be placed very close to plant
tissues and provide high intensity light. Traditional lighting fixtures, like HPS lamps, can
have surface temperatures up to 450 °C during operation; requiring large distances
between the plants and the fixtures (Spaargaren, 2001). Thus, LEDs can take advantage
of the inverse square law (intensity is inversely proportional to the squared distance from
the source) by operating at low output and placed close to plant tissues. That said, LEDs
do in fact produce waste heat. Modern fixtures use a thermal pad to direct heat away from
the circuitry to a heat sink via conduction (Mitchell et al., 2015).

Lastly, LEDs are known for their long lifespan and relatively low energy
consumption (Morrow, 2008). This is due in part to the way light is generated using
electroluminescence with little to no extraneous wavelengths and radiant heat as well as
the fact that LEDs can be set to low outputs but maintain high light intensities due to their
close proximity to plant tissues. However, lifespan depends on a large number of factors
including power quality, system temperature, component quality, and handling, among
other things (Mitchell et al., 2015). The efficiency of LEDs continues to improve
following “Haitz’s Law” wherein for every decade the cost of light emitted by an LED
falls by a factor of 10 but the amount of light generated by an LED increases by a factor
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of 20 (Haitz and Tsao, 2011). With the advantages mentioned, it is clear that LEDs
represent a monumental shift in horticulture and plant physiology. The ability to precisely
control the light environment affords researchers a way to probe complex metabolic
processes in plants that are mediated in part or entirely by light-sensing apparati.

Light
As organisms subjected to every whim of the environment, plants were pressured
from their incipient stages to evolve intricate mechanisms to cope with environmental
challenges. Arguably the most elegant are the light-sensing apparati, known as
photoreceptor proteins, which process information about the light environment and
mediate changes in gene expression. Photoreceptors are able to sense and react to
changes in intensity, quality, direction, and photoperiod in addition to many other roles
such as mediating defense responses against pathogens (Wu and Yang, 2010) and
determining proximity to neighboring plants (Ballaré et al., 1994; Keuskamp et al., 2010;
Crepy and Casal, 2015). Among these proteins are phytochrome (PHY), cryptochrome
(CRY), phototropin (PHOT), and UVR8. Each protein family has a specific action
spectrum and role in light signal transduction. Generally, light is most commonly viewed
within the context of plant growth and development; largely responsible for the efficiency
of central metabolic processes like carbon sequestration through photosynthesis, but also
photomorphogenesis, which has been studied for centuries (Whippo and Hangarter,
2006). However, what is less understood and even less apparent is the effect of light on
secondary metabolic process in plants.
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Light can be defined as photosynthetically active radiation (PAR; 400-700 nm)
which drives photosynthesis. However, there are wavelengths of light that reach earth’s
surface that fall outside of this range such as ultraviolet B (UV-B; 280-315 nm),
ultraviolet A (UV-A; 315-400 nm), and far-red (710-850 nm) that still affect plant growth
and development through primary and secondary metabolic processes. Similar to
wavelengths of light in the PAR range, these wavelengths are also perceived by
photoreceptors. While different qualities of light may be perceived by unique
photoreceptors, there is a great deal of crossover between these signaling pathways. For
example, red light responses in plants are mediated much in the same way as blue light
responses through the transcription factors ELONGATED HYPOCOTYL 5 (HY5) and
HOMOLOG OF HY5 (HYH) as well as SUPPRESSOR OF PHYA 1 (SPA1), SPA4, and
the E3 ubiquitin ligase CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1) (Holm
et al., 2002; Sellaro et al., 2009). This lends credence to the intimacy between unique
photoreceptors in plants. These authors demonstrated that through a hysteretic switch, the
actions of the photoreceptor cryptochrome can linger after a blue light stimulus has ended
in large part due to Phytochrome B (PHYB), which is primarily responsible for red and
far-red light perception. Although phototropism is generally considered a blue light
response mediated by phototropins and cryptochromes (Kimura and Kagawa, 2006; Liu
et al., 2011c; Zhao et al., 2013), there is some evidence that a pretreatment with red light
can augment phototropic responses to blue light (Woitzik and Mohr, 1988). It has also
been shown that the amount of green background light can determine how plants react to
red and blue light (Wang et al., 2013). The overlap and interaction between different
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qualities of light makes photobiological phenomena particularly difficult to tease apart,
especially when experiments are conducted in more “realistic” environments like a
greenhouse or field setting.

Light has also been shown to affect large portions of a plant’s genome. Out of
9216 expressed sequence tags used in a microarray analysis in Arabidopsis thaliana (over
6100 genes), it was estimated that 32% of the genome was influenced by the presence of
light, where three-fifths (19.2% of total) of those genes were up-regulated two-fold or
more and two-fifths (12.8% of total) were down-regulated (Ma et al., 2001). It was noted
that the two-fold threshold in the last study may have excluded a large number of genes
that were affected by light, but not at the given threshold, so changes to the transcriptome
may be even larger than predicted. Furthermore, this study only looked at approximately
25% of the entire Arabidopsis genome, so it is difficult to say whether their
interpretations are consistent throughout the entire genome.

Gautier et al., (2008) measured interactions between irradiance and temperature
regarding the accumulation of sugars, acids, and various phytochemicals in tomato fruits.
Light was a major driver for the accumulation of carotenoids, phenolics, polyphenolics,
and ascorbate, and had a much larger effect than temperature. Additionally, light was
found to be a critical factor in determining pools of ascorbic acid in tomato fruits (Gautier
et al., 2009). Choi et al. (2013) used sole-source LED lighting (200 µmol·m‒2·s‒1) to
grow strawberries (Fragaria x ananassa) in growth chambers. In addition to increased
yield under mixed red (634 and 661nm) plus blue (448nm) LEDs compared to red or blue
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alone, they found that different combinations of narrow-waveband light elicited a host of
quality-attribute responses like increased fructose and anthocyanin content from mixedwavelength LED treatments, or increased antioxidant levels from blue or red LEDs alone
similar to results from Heo et al. (2012) in lettuce. In the Choi et al. (2013) study, blue
LEDs alone hastened fruit ripening, whereas red or mixed-LED wavebands boosted
overall production. These findings showcase the potential for growers to capitalize on the
narrow-waveband capabilities of LEDs to reduce time to harvest, increase yield, or
optimize flavor and/or healthfulness of their crops.

Duration and light exposure has been shown to be an important factor for the
antioxidant activity and phytochemical profile of tomato fruits (Torres et al., 2006). They
examined the effect of direct irradiance on mature green fruits with and without
ultraviolet B (UV-B) radiation on several tomato lines. Exposure (regardless of UV)
decreased chlorophylls and carotenoids in the fruits from all tomato lines tested due to an
increase in photodegradation of these compounds. Kaempferol and quercetin were
increased in exposed fruits, but these trends were non-significant. Vitamin C also
decreased in exposed fruits due to photo-oxidation, although specific activities of the
oxidoreductase enzymes measured in this study (ascorbate peroxidase, dehydroascorbate
reductase, and monodehydroascorbate reductase, glutathione reductase, and catalase)
increased due to fruit exposure to sunlight. UV-B was not found to be a significant factor
compared to exposure and duration of light.
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Lastly, light can manipulate the pathways that produce volatile organic
compounds (VOC) in fruits, leaves, and flowers (Johnson et al., 1999; Loughrin and
Kasperbauer, 2003; Kegge and Pierik, 2010; Colquhoun et al., 2013). In addition to
sugars and acids, these compounds are also extremely important for the way consumers
perceive flavor (Baldwin et al., 1998). Shaded versus non-shaded strawberry plants had
significantly different sugar/acid ratios as well as different emission profiles of 13 key
VOCs, implicating light as a major signaling component for VOC production in fruits
(Watson et al., 2002). Kowalczyk et al., (2012) found that supplemental light from HPS
or LED fixtures could modify fruit sugar content and affect consumer sensory perception
of greenhouse-grown tomatoes. Thus, there is an opportunity to use light as a sustainable
and non-controversial way to beneficially manipulate the nutritional and sensory quality
of high-value produce.

Red and Far-Red Light
While being two distinct qualities of light, red (600-700 nm) and far-red (710-850
nm) light are both sensed by plant phytochromes. The details of this sensory mechanism
will be revealed in the “Phytochrome” section, but it is most important to know that red
light converts phytochrome into its active form (Pfr) and far-red light reverts it to its
inactive state (Pr). The active form can also revert to the inactive form in darkness (Chen
et al., 2004; Bae and Choi, 2008). Red to far-red ratios are important for determining
phytochrome-mediated responses such as flowering (Runkle and Heins, 2001; Craig and
Runkle, 2013) and even determine a plant’s ability to defend itself from pathogens
(Cerrudo et al., 2012). Additionally, high red/far-red ratios may be important for
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integrated pest management as many insect species perform poorly when plants are
producing more phenolic compounds (Vanninen et al., 2013). Red/far-red ratios can also
influence the production and emission of VOCs including the gaseous hormone ethylene,
which can influence plant-neighbor interactions as well as metabolic processes within an
individual plant (Kegge and Pierik, 2010). Secondary metabolic processes such as
carotenogenesis and the production of phenolic compounds can also be modified by red
and far-red light.

Among different combinations of LEDs emitting 300 µmol·m‒2·s‒1 with peak
wavelengths 400 nm, 530 nm, 640 nm, and 730 nm, far-red (730 nm) was found to
increase the dry matter content of lettuce (Stutte et al., 2009). This effect was attributed to
the increase in the total photosynthetic area available to the plants, which helped increase
carbon sequestration. Similar results can be found in Li and Kubota, (2009). In that study,
red light (130 µmol·m‒2·s‒1; peak wavelength: 658 nm) in conjunction with fluorescent
light fixtures, increased the amount of phenolics by 6% in lettuce (‘Red Cross’) leaf
tissues. Far-red light decreased anthocyanins by 40%, while carotenoids and chlorophyll
decreased by 11 and 14% compared to control plants grown under only fluorescent lights.

A study by Samuolienė et al., (2012a) involved microgreens of amaranth
(Amaranthus cruentus ‘Red Army’), basil (Occimum basilicum ‘Sweet Genovese’), kale
(Brassica oleracea ‘Red Russian’), broccoli (Brassica oleracea), mustard (Brassica
juncea ‘Red Lion’), orach (Atriplex hortensis), borage (Borago officinalis), beet (Beta
vulgaris ‘Bulls Blood’), parsley (Petroselinum crispum) and pea (Pisum sativum,
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‘Meteor’) with HPS supplemental lighting (300 µmol·m‒2·s‒1 for 16 h d‒1) in a
greenhouse. Adding light from red LEDs (638nm, 170 µmol·m‒2·s‒1) near the finishing
stage of the microgreens enhanced phenolic concentrations in all species, except
amaranth. As for anthocyanins and ascorbic acid, responses varied depending on the
species tested. Such responses illustrate the metabolic variation present in species that
evolved in different environments and the need to optimize lighting regimes on a speciesby-species basis. Samuolienė et al., (2013) also found that a PPF between 340 and 440
µmol·m‒2·s‒1 from LED arrays (455, 638, 665, and 731nm) provided an acceptable
balance between plant growth and nutritional quality in Brassica species. Samuoliene et
al. (2012b) grew baby leaf lettuce ‘Multired 4’, ‘Multigreen 3’, and ‘Multiblond 2’ in a
greenhouse with HPS lights providing 170 170 µmol·m‒2·s‒1 of supplemental light (16 h
d‒1). Additionally, groups of plants were supplemented with blue (455/470nm) or red
(605/635nm) LEDs. The results of that study were complex due to possible interactions
among varieties, light quality, and time of year. However, the authors stated that trends
for Vitamin C and tocopherols were as follows: 535 > 505 > 455 > 470 nm; Phenolics:
505 > 535 = 470 > 455nm; 2, 2-diphenyl-1-picrylhydrazyl (DPPH) free-radical
scavenging capacity: 535 = 470 > 505 > 455nm; and anthocyanins: 505 > 455 > 470 >
535nm.

Mizuno et al., (2011) grew two cultivars of cabbage seedlings (‘Kinshun’ and
‘Red Rookie’) under FL lamps (150 µmol·m‒2·s‒1) until two true leaves unfolded. At that
stage, plants were placed under LEDs of either 470, 500, 525, or 660nm in addition to 50
µmol·m‒2·s‒1 of PAR from a FL light source. The two cabbage cultivars reacted
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differently to the lighting treatments. ‘Red Rookie,’ a red-leafed cabbage variety, showed
increased anthocyanin content under the red (660nm) treatment. ‘Kishun’, a green-leafed
variety, developed similar anthocyanin levels under all light treatments, but had increased
chlorophyll content in the blue (470nm) and ‘blue-green’ (500nm) treatments.

Tomatoes postharvest (stored between 12 and 14°C in darkness) were exposed to
red light for 12 minutes on each side with a total dose of 24 kJ·m‒2 each day for 21 days.
Compared to tomatoes stored under the sun, with 24 minutes of UV-C, or dark controls,
red light enhanced the concentration of lycopene in tomatoes throughout the storage
period, which was significantly higher than for all other treatments after 21 days. Total
soluble solids and penetration force were not affected by light treatment. β-carotene was
not affected by any of the light treatments significantly, although UV-C exposed fruits
had lower β-carotene on average. Fruits stored in sunlight had β-carotene concentrations
drop to near-trace levels, which might be explained by normal metabolic fluxes that occur
in sun-exposed tomato fruits (Liu et al., 2009).

The effect of light on carotenogenesis, specifically within tomato fruits, has been
documented at least since the early 20th century (Duggar, 1913; McCollum, 1954).
However, many of these early reports are contradictory and did not properly control for
confounding variables such as temperature. Today, it is better understood that
carotenogenesis is indeed regulated in part by light quality as mediated by photoreceptor
proteins such as phytochrome (Alba et al., 2000). This is also due to proteins associated
with phytochrome, such as phytochrome-interacting factors (PIFs), that work in concert
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with phytochromes to regulate gene expression (Toledo-Ortiz et al., 2010). In 1975,
Thomas and Jen compared tomatoes ripened under Gro-Lux lamps, which emit heavily in
the red region of visible light, to dark controls as well as to cool-white fluorescent lamps.
They found that carotenoid biosynthesis was increased in fruits exposed to the red-biased
Gro-Lux lamps and to a similar extent the fluorescent lights compared to dark controls.
Carotenoid biosynthesis was also positively associated with the total intensity of light that
the fruits received. Lastly, far-red light was shown to decrease fruit carotenoid content
when compared to dark controls likely due to a faster conversion of Pfr to Pr compared to
normal degradation in darkness. More recently, Alba et al., (2000), went deeper and
quantified the expression of PhyA-E in tomato fruit using northern blots. They found that
PhyA was strongly upregulated during ripening and it is likely the phytochrome system is
responsible for red-light perception in tomato fruits. They also compared lycopene
concentrations in ripening fruits under darkness, red light, or far-red light and found that
red light enhanced lycopene concentration in fruits compared to dark controls. Far-red
light after exposure to red light decreased carotenoid content compared to the red-only
treatment. Ethylene evolution and fruit softening continued unperturbed by light
treatments, implicating that phytochrome acts independently of ethylene in regulating
carotenoid biosynthesis in tomato fruits. Sugars (fructose, glucose, and sucrose) and acids
(citrate and malate) were unchanged by light treatment. Lastly, they looked at light
spectra passing through tomato pericarp tissue and found that up to 1.4% of solar
radiation is transmitted through the pericarp of tomato fruits and that the red/far-red ratio
of penetrating light increases during ripening. Keyhaninejad et al., (2012) used pepper
(Capsicum annum) as their crop of interest. In that study, leaf carotenoids increased with
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light exposure while fruit carotenoids decreased. This shows that even within the same
plant family (let alone within the same plant), carotenogenesis in response to light can
vary greatly. To better understand the mechanism of these responses, it is important to be
familiar with plant phytochromes.

Phytochrome
In Arabidopsis, there are five different phytochromes (PHYA-E) that serve
similar, yet distinct functions (Sharrock and Clack, 2002). This group of proteins is
broken into two groups: the type I phytochromes (PHYA) and the type II phytochromes
(PHYB-E) (Furuya, 1993). The type I phytochromes are degraded with exposure to light
and are important for very low fluence responses (VLFR) and far-red high irradiance
responses (FR-HIR) (Dehesh et al., 1993; Shinomura et al., 1996). Each phytochrome
serves a multitude of purposes and these are well reviewed in (Bae and Choi, 2008).
Interestingly, phytochrome (and many other photoreceptors) is not limited to light signal
transduction. Phytochrome is involved in defense as far-red exposed Arabidopsis plants
were less able to defend against herbivores through a decrease in jasmonate sensitivity
(Moreno et al., 2009). To better understand phytochrome, a brief overview of the
structure of the protein is warranted.

Phytochrome is a homodimeric protein and each subunit can be divided in half
based on proximity to the amino or carboxy terminus. The amino terminus contains three
N-terminal extensions (NTE) and the bilin lyase domain (BLD), which serves to bind the
chromophore phytochromobilin. The carboxy domain has the PAS-related domain (PRD)
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and the histidine kinase-related domain (HKRD), which allows for phytochrome to
phosphorylate targets and initiate changes in gene expression to (Yeh and Lagarias, 1998;
Montgomery and Lagarias, 2002; Chen et al., 2004). Upon exposure to red light, the
chromophore undergoes a conformational change that affects the protein structure,
allowing for nuclear localization components of the PRD in the carboxy half of the
protein to be exposed (Montgomery and Lagarias, 2002). From there, the proteins are
transported into the nucleus where groups of phytochromes condense together to form
photobodies (Buskirk et al., 2012, 2014). This allows for phytochromes to regulate gene
expression within the nucleus through interactions with HY5, HYH, COP1, SPAs, and
PIFs (Holm et al., 2002; Sellaro et al., 2009; Toledo-Ortiz et al., 2010). This process can
be reversed with far-red light, and the active form of phytochrome (Pfr) decays to the
inactive state (Pr) in the dark (Hofmann, 2013). Although not its primary responsibility,
phytochromes help regulate gene expression related to secondary metabolism.

Phytochrome seems to be at least partly responsible for anthocyanin accumulation
in plants. In order for the phytochromes to participate in this response, signaling cascades
associated with cryptochromes need to first be primed by blue light (Drumm and Mohr,
1978; Drumm-Herrel and Mohr, 1981; Oelmüller and Mohr, 1985). Additionally, priming
sorghum (Sorghum vulgare) seedlings with red light before exposure to blue increased
the overall anthocyanin accumulation, indicating a need for Pfr (Oelmüller and Mohr,
1985). A similar conclusion was reached by Duell-Pfaff and Wellmann, (1982) using
cell-culture methods, and they also found that a Pfr/Ptot ratio of 20% was found to be
optimal for saturating phytochrome-dependent flavonoid synthesis. This early evidence
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indicates an interaction between the phytochromes and cryptochromes. Interestingly, farred light was found to be responsible for anthocyanin accumulation in mustard seedlings
(Sinapis alba), but red light was found to be responsible for quercetin accumulation
(Beggs et al., 1987). This shows that flux through the flavonoid and eventually the
anthocyanin biosynthesis pathways are differentially regulated by the same
photoreceptors. PHYA was shown to regulate the first enzyme in the carotenoid
biosynthesis pathway (phytoene synthase) through the use of phyA, phyB, and phyAphyB
mutants in Arabidopsis (von Lintig et al., 1997). Logically, they also found that using red
or far red light could modify carotenoid and chlorophyll content in plants. White and blue
light enhanced these compounds in plants, but likely through the actions of
cryptochrome. As such, the role of blue light in secondary metabolism will be discussed.

Blue Light
Blue light is a high-energy form of PAR that affects both primary and secondary
metabolism in plants. Second only to red for photosynthetic efficiency (McCree, 1972),
blue light is able to elicit metabolic responses in plants that could be leveraged by plant
scientists at both the basic and applied levels. These responses are dictated by the
cryptochrome photoreceptor family, which mediates anthocyanin accumulation, seedling
photomorphogenesis, flowering, and adult plant development (Giliberto et al., 2005).
While known more for tropic responses and chloroplastic movement, there is some
evidence that phototropins, another blue-light receptor family, can also impact secondary
metabolic processes (Kadomura-Ishikawa et al., 2013). These two photoreceptor families
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will be discussed in their respective sections, but the role of blue light in secondary
metabolism will be reviewed first.

In 2009, Stutte et al. utilized LEDs to compare plant responses and quality
attributes under different wavelengths of light at 300 µmol·m‒2·s‒1; peak wavelengths:
730 nm, 640 nm, 530 nm, and 440 nm) to those under blue-biased fluorescent lamps.
Different combinations of red, blue, green, and far-red LEDs were used as sole-source
lighting for lettuce (‘Outredgeous’). Under monochromatic blue (440 nm) LEDs, lettuce
exhibited a purple-leafed phenotype consistent with the interpretation that blue light
enhances accumulation of anthocyanins. These findings are strongly supported by Johkan
et al., (2010) and Son and Oh, (2013). Interestingly, green light did not have a deleterious
effect on anthocyanins in a study by Li and Kubota, (2009). In the Li and Kubota (2009)
study, lettuce plants were grown under fluorescent lights with or without UV-A, blue,
green, red, or far-red LEDs. With supplemental blue light (130 µmol·m‒2·s‒1 peak
wavelength: 476 nm), lettuce plants accumulated 31% more anthocyanins than did
controls grown under fluorescent lights only. Blue light also increased carotenoids by
12% compared to controls. It is worth noting that green light can reverse effects of blue
and red light (Zhang and Folta, 2012). This is likely due in part to changing the oxidation
state balance of cryptochrome’s chromophore.

Lefsrud et al., (2008) used sole-source LED lighting (1.4 µmol·m‒2·s‒1 at 730nm,
226 µmol·m‒2·s‒1 at 640nm, 5.7 µmol·m‒2·s‒1 at 525nm, 10 µmol·m‒2·s‒1at 440nm, or 2.9
µmol·m‒2·s‒1 at 400nm) after starting plants under a combination of INC and FL lamps at
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275 µmol·m‒2·s‒1 to modify levels of sinigrin, a cancer-preventing glucosinolate, as well
as lutein, β-carotene, and chlorophyll a/b in kale (Brassica oleracea). Sinigrin and lutein
were reported highest under red LEDs, whereas β-carotene accumulation was highest
under blue LEDs. Kopsell and Sams, (2013) cultivated broccoli microgreens under a mix
of red (627nm) plus blue (470nm) LEDs with a PPF of 350 µmol·m‒2·s‒1. The plants
were then transferred to either a blue-only growing environment (41 µmol·m‒2·s‒1) or
remained in the original red/blue environment. Microgreens transferred to the blue-only
environment had significantly higher levels of β-carotene, glucosinolates, and a host of
micronutrients essential for human metabolic activity.

Gautier et al., (2005a) made use of transparent plastics, allowing only specific
wavelengths of light to be incident on fruit clusters. Measurements of fruit quality such as
titratable acidity were affected very little by different wavelengths of light. Lycopene and
β-carotene increased with exposure to blue light, implicating the involvement of
cryptochrome and/or phototropin, whereas vitamin C and sugar content increased with
infrared light exposure, possibly due to a slight increase in temperature. It should be
emphasized that increased fruit-surface temperature can be deleterious in terms of fruit
carotenoid content (Dumas et al., 2003; Pék et al., 2011).

In Arabidopsis, Lin et al., (1998) generated CRY2 overexpression and knockout
mutants to determine the roles this protein plays in plant growth and development. They
found that CRY2 mediated hypocotyl elongation as well as cotyledon opening in
response to blue light. It was also noted that CRY2 is important for low-fluence blue light
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responses in plants compared to CRY1, whose expression was not down-regulated by
increasing intensities of light. When a similar study was performed for tomato by
Giliberto et al., (2005), tomato fruits sourced from plants overexpressing CRY2 had
markedly higher levels of lycopene and various flavonoids, and there were higher levels
of chlorophyll and anthocyanins in the leaves and stems. It should be noted that plants
overexpressing CRY2 were greatly stunted compared to their wildtype counterparts due
to a lack of available substrate to make gibberellins. To better understand plant responses
to blue light, an explanation about cryptochromes and phototropins is needed.

Cryptochrome
Cryptochromes are a fascinating family of photoreceptors in that they are found in
both plants and animals. Discoveries made in regards to plant cryptochromes have been
used to better understand their function in animals, and specifically humans (Foley et al.,
2011). Like other photoreceptors, plant cryptochromes perceive light and mediate
changes in plant gene expression through interaction with other photoreceptors and
transcription factors (Figure 1.1). In particular, cryptochromes respond to blue and UV-A
light on account of a flavin adenine dinucleotide (FAD) chromophore that strongly
absorbs light in these wavelengths. There is evidence of another chromophore attached to
cryptochromes known as 5,10-methenyltetrahydrofolate (MTHF) (Klar et al., 2007).

Currently, it is understood that the function of cryptochromes in plants is for
regulating growth and development as well as entrainment of the circadian clock; the
latter also being true for animals (Yu et al., 2010; Chaves et al., 2011). While most
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known for their role in de-etiolation and photoperiodic flowering control (CRY1 and
CRY2, respectively (Ahmad and Cashmore, 1993; Guo et al., 1998), cryptochromes are
also partly responsible for regulating guard cell development as well as stomatal
opening/closing (Mao et al., 2005; Kang et al., 2009), tropic movements (TsuchidaMayama et al., 2010), root growth (Usami et al., 2004; Canamero et al., 2006), plant
height (Weller et al., 2001; Giliberto et al., 2005; Platten et al., 2005), apical meristem
activity and apical dominance (Weller et al., 2001; Giliberto et al., 2005; López-Juez et
al., 2008), apoptosis (Danon et al., 2006), high-irradiance responses (Weston et al., 2000;
Kleine et al., 2007), osmotic stress responses (Xu et al., 2009), shade avoidance
responses (Keller et al., 2011), and even response to bacterial, viral, and fungal pathogens
(Griebel and Zeier, 2008; Wu and Yang, 2010).

In Arabidopsis, there are three cryptochromes CRY1, CRY2, and CRY3. CRY1
and CRY2 reside and function within the cell nucleus (Wu and Spalding, 2007; Yu et al.,
2007a) whereas CRY3 is found in chloroplasts and mitochondria and is mostly involved
with DNA repair (Kleine et al., 2003). Tomatoes have also been found to contain
homologues of Arabidopsis CRY1 (CRY1a and CRY1b) and CRY2 (Perrotta et al.,
2000). Additionally, tomatoes also contain CRY-DASH (Drosophila, Arabidopsis,
Synechocystis, and Homo) proteins in the form of CRY3 (Facella et al., 2006).
Cryptochrome proteins have two domains known as the photolyase related amino
terminal (PHR), which serves to bind the chromophore and a carboxy terminal end with a
conserved DAS (DQXVP-acidic-STAES-) domain crucial for protein-protein interactions
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as well as facilitating nuclear or cytosolic import (Lin and Shalitin, 2003).
Cryptochromes also form homodimers in vivo at the PHR domain (Yu et al., 2007b).

The most accepted model for light perception via cryptochrome occurs through
redox reactions that occur to the FAD chromophore. This chromophore exists in three
redox states: oxidized (ground state) (FAD), semi-reduced (anion FAD●− or neutral
FADH● radical), or fully reduced (FADH– or FADH2) with just the fully oxidized and
anion radical able to absorb appreciable amounts of blue light (Liu et al., 2011c).
Interestingly, the intermediate of the redox cycle and neutral radical semiquinone
(FADH●) can absorb green light (Banerjee et al., 2007; Bouly et al., 2007). These authors
also suggested a photoreduction cycle that represents the current consensus of the fate of
cryptochrome’s FAD chromophore, although alternative hypotheses exist such as a redox
scheme that is similar to photolyase proteins (Liu et al., 2010). Sellaro et al., (2010)
found that accounting for the blue/green ratio of light in regards to hypocotyl length in
Arabidopsis enhanced the predictive power of their model. Additionally, knocking out
CRY1 and CRY2 disrupted normal responses to green light (increase in hypocotyl length)
in Arabidopsis (Wang et al., 2013). It is becoming increasingly clear that green light is
important in modulating the photoreduction cycle. Ultimately, the phosphorylation state
of the protein changes with photoexcitation; changing the conformation of the protein and
allowing for the degradation of the protein to avoid feedback (Yu et al., 2009).
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Signal transduction through cryptochrome happens through two distinct routes:
the CRY2-CIBs pathway or the CRY-SPA1/COP1 pathway (Liu et al., 2011c). Due to
time and space constraints, the CRY-SPA1/COP1 pathways will be of focus. The E3
ubiquitin ligase COP1 has been shown to degrade the bZIP transcription factor HY5 in
the dark (Ang et al., 1998). Cryptochromes, when activated by blue light, suppress COP1
and limit its suppression of HY5, HYH, and LONG HYPOCOTYL IN FAR-RED1
(HFR1), which is a bHLH transcription factor (Osterlund et al., 2000; Duek et al., 2004;
Yang et al., 2005; Jiao et al., 2007). A graphic illustration of this can be seen below in
figure 1.1. Importantly, HY5 and CRY1 target genes that regulate the production of
phytohormones (i.e. auxins, brassinosteroids, gibberellic acids), cell-wall-degrading
enzymes, and photosynthetic enzymes, among other things (Folta et al., 2003; Liu et al.,
2011c), which explains why cryptochrome-mediated light perception can have profound
effects on plant growth and development.
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Figure 1.1 Simplified action mechanism of COP1 in the dark (A) and in the light
(B). Rendered by Zoratti et al., (2014) and based on (Lau and Deng, 2012).

The CRY1-SPA1 or CRY2-SPA1 interaction has been shown to be dependent on
blue light (Hoecker et al., 1999; Hoecker and Quail, 2001; Saijo et al., 2003; Laubinger et
al., 2006; Yu et al., 2008). Additionally, SPA1 is known to change the manner in which
COP1 degrades HY5 (Saijo et al., 2003). However, SPA1 also binds to CRY1 and CRY2
competitively, which is hypothesized to be the reason why the SPA1-COP1 interaction is
suppressed in the presence of blue light (Saijo et al., 2003). Still, blue-light perception via
plant cryptochromes remains under investigation. Blue light is also perceived in plants by
another protein family that includes the phototropins, which will be discussed below.
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Phototropins
Although phototropins are not known to be intimately involved with secondary
metabolism as cryptochrome or phytochrome are, they serve as important blue/UV-A
light sensors in plants. Additionally, phototropins are responsible for chloroplastic
movement in response to varying light conditions to protect the light-sensitive organelles
from damage as well as stomatal opening (Chen et al., 2004; Goh, 2009). In Arabidopsis,
there are two phototropin proteins known as PHOT1 and PHOT2 (Christie, 2007).
Phototropin 1 (PHOT1) is responsible for phototropism towards blue light and lowfluence responses (Liscum and Briggs, 1995), whereas PHOT2 is more important for
responses to high-fluence light (Briggs and Christie, 2002; Zhao et al., 2013). PHOT1 is
responsible for the inhibition of hypocotyl elongation, but CRY1 assumes a more
dominant role after 30 minutes of light exposure (Folta and Spalding, 2001). PHOT2
localizes to the plasma membrane in the dark, but after illumination with blue light,
localizes within golgi vesicles and binding to an unknown insoluble structure as shown
by PHOT2-GFP analysis and the use of Brefeldin A, a potent inhibitor of golgi vesicle
movement (Kong et al., 2006). PHOT1 appears to behave differently in the cell and can
be found freely in the cytosol after blue light exposure (Sakamoto and Briggs, 2002).

Phototropins are part of a family of proteins that share a common feature known
as the light oxygen voltage (LOV) domain. These include the Zeitlupe proteins, the
flavin-binding, Kelch repeat, F-box 1 proteins, and the LOV Kelch Protein 2 (Schultz,
2005). While containing similar structural motifs to phototropins, these proteins serve
different roles. In phototropins, the protein is divided into two distinct parts: the
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photosensory domain near the amino terminus and the serine/threonine kinase domain
near the carboxy terminus (Christie, 2007). When excited by blue/UV-A light,
phototropins undergo a conformational change due to a change in oxidation state of the
flavin mononucleotide (FMN) chromophore found in the LOV domain. Interestingly, the
chromophore is attached to the LOV domain via a cysteine residue, which is also how
phytochrome’s chromophore is attached to the BLD domain (Chen et al., 2004; Christie,
2007). The conformational change allows for the carboxy terminus domain (which
contains the serine/threonine kinase domain) to open via the Jα helix (Harper et al.,
2003). That said, it is poorly understood how phototropins mediate responses in plants. It
has been proposed that phosphorylation is critical for blue/UV-A light signaling and that
a specific serine residue (851) is important for this cascade to occur (Inoue et al., 2008).
Still, there are many gaps of knowledge as to the function of phototropins.

More recently, Wang et al., (2013) measured growth kinetics of Arabidopsis (Col0, phyA, phyB, cry1cry2, nph3-6, phot1, and phot2) hypocotyls with different
backgrounds of light (red, blue, far-red, green, and several combinations of the above).
They showed that under low fluences, green light can interact with red and blue light
perception mechanisms. However, it was deemed that the responses observed were due to
low fluence blue light. Due to the low fluence rates used in these studies (sometimes <0.1
µmol·m‒2·s‒1) these effects may or may not be observed in a well-lit greenhouse or
growth environment.
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Although the role of phototropins is morphological in nature, there is scant
evidence that phototropins may affect secondary metabolic processes in plants. Using
knockouts in strawberry, PHOT2 has been shown to be required for anthocyanin
accumulation (Kadomura-Ishikawa et al., 2013). More research needs to be done to
determine the role of phototropins in secondary metabolism. Phototropins and their target
genes could be excellent candidates for crop improvement in terms of growth and
development and nutritional quality. However, other light signaling pathways may better
serve this purpose.

Ultraviolet Radiation
Ultraviolet (UV) radiation is a broad term for high-energy light that mostly falls
outside of the visible spectrum. UV radiation is broken arbitrarily into three groupings.
These include UV-A (315 – 400 nm), UV-B (280 – 315 nm) and UV-C (100 – 280 nm).
In nature, atmospheric ozone is primarily responsible for attenuating wavelengths of light
below 320 nm with a cutoff between 295 and 300 nm (Caldwell et al., 1983; McKenzie et
al., 2003). In terms of total light intensity, sunlight is approximately 9% ultraviolet light
(Nelson and Bugbee, 2014). Due to the high energy per photon in UV radiation
(particularly in UV-B), UV radiation has been linked to the development of melanoma
through the formation of lesions in DNA (Young et al., 1996). Solar UV-B is considered
to be the most obtrusive physical carcinogen in our natural environment that results in
human melanoma (de Gruijl, 1999). In humans, UV-B radiation is mostly absorbed by
epidermal cells, whereas UV-A is able to penetrate deeper into skin tissues and contribute
to conditions such as solar elastosis (skin aging) (Rass and Reichrath, 2008). In
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mammals, UV-induced defects to DNA are repaired by the nucleotide excision repair
system (Bohr, 1995). That said, UV-B radiation is necessary for adequate biosynthesis of
pre Vitamin D in humans, so exposures in moderation are key (Kimlin, 2004).

While plants have similar repair systems as well as functional photolyase proteins,
plants are also able to protect themselves from the deleterious effects of UV through the
production of phenolic compounds and carotenoids. Both UV-A and UV-B stimulate the
phenylpropanoid pathway in plants to produce UV screening phenolic compounds
(Kotilainen et al., 2010). UV radiation is a relatively small portion of the total amount of
radiation that plants receive, but the effects of UV on plant growth and development as
well as metabolism are profound. These effects include changes to photosynthesis, large
changes in metabolite pools, and altered resistance to diseases and pests, among other
things (Aphalo, 2012; Wargent and Jordan, 2013). Because of this, ultraviolet radiation is
of particular interest and may provide excellent candidate wavelengths for manipulating
plants to better serve the needs of a growing population.

Ultraviolet A
Ultraviolet A (UV-A, 315-400 nm) is a high-energy form of light, though not
considered part of PAR. UV-A is perceived by plant cryptochromes and phototropins and
initiates many of the same signal cascades as blue light (Cashmore et al., 1999).
Additionally, UV-A is an important stimulus for photolyases, which repair damaged
DNA after random mutations, cylcobutane pyrimidine dimers, and pyrimidine-(6-4)pyrimidone photoproducts, which can be caused by UV-B or UV-C radiation (Britt,

31
1996). Upon light activation, these proteins bind to damaged DNA and repair the
pyrimidine dimer by electron transfer from the FAD chromophore, which reverts the
pyrimidine back to its original state (Sancar, 1994). Given that UV-A is perceived in
plants in much the same way as blue light through cryptochrome, it makes sense that the
responses would overlap. Although there is a potential to reduce the photosynthetic
efficiency of plants with UV-A (Kreslavski et al., 2013), UV-A has been used on a
limited scale to increase the phytonutrient content of high value horticultural crops and
shows promise for industrial application because it is relatively safe compared to UV-B
or UV-C.

Three cultivars of lettuce were grown by Voipio and Autio (1995) with or without
supplemental UV-A radiation (105 W·m‒2) as well as different intensities of PAR and
different nutrient solution temperatures. They found that higher intensity light as well as
UV-A positively enhanced the accumulation of anthocyanins in the leaves of all three
cultivars, but also increased the concentration of nitrates in the leaves. Additionally, the
low temperature nutrient solution (13-14°C) also had a similar effect, which abides by the
known mechanism for cold-induced anthocyanin accumulation (Christie et al., 1994;
Catalá et al., 2011). Li and Kubota, (2009) added UV-A LEDs to a fluorescent light
source and were able to increase lettuce anthocyanins by 11% compared to plants grown
under fluorescent lights only. It should be noted that only 18 µmol·m‒2·s‒1 of UV-A was
used, indicating that only a small amount can elicit an effect.
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In turnip (Brassica rapa ‘Tsuda’) hypocotyls, UV-A best stimulated the
production of anthocyanins compared to UV-B, blue red, far-red, red plus UV-A, far-red
plus UV-A, blue plus red, or metal halide controls (Spectral peaks: 352, 302, 465, 660,
and 735 nm, at 5, 4, 12, 13, 14 W·m‒2, respectively). Genes encoding enzymes that are
part of the flavonoid and anthocyanin biosynthesis pathway such as chalcone synthase
(CHS), flavanone 3-hydroxylase, dihydroflavonol 4-reductase, and anthocyanidin
synthase were upregulated after a 24-hour exposure to UV-A. Genes such as CHS were
not upregulated by red, blue, red plus blue, or most surprisingly, UV-B (Guo and Wang,
2010). The genes studied in the previous work were looked at in depth by Hirner et al.,
(2001) using carrot cell cultures and UV-A as a screening tool. UV-A proved to be a
strong elicitor of anthocyanins in this cell-culture model which was used in part because
there are no other residual flavonoids post UV-A exposure.

Using tomato (‘MicroTom’) as a model system, Guo and Wang (2010) measured
a time course of the expression of phenylalanine ammonia lyase and the accumulation of
anthocyanins in tomato leaf tissues after being exposed to UV-A (Spectral peak: 365 nm,
7 W·m‒2). Anthocyanin accumulation increased until 12 hours when it began to decline
until the end of the 24-hour time course. Accordingly, the expression of phenylalanine
ammonia lyase followed a similar trajectory; peaking at 12 hours and declining until the
end of the time course. To ensure that visible light outside of UV-A was not responsible
for this effect, the group conducted a small factorial study and found that visible light in
the absence of UV-A had little impact on the accumulation of anthocyanins in fresh
tissues.
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In a simulated plant factory environment, Lee et al. (2014) grew red-leaf lettuce
(‘Hongyeom’) with supplemental UV-A, UV-B, or UV-C (Spectral peaks: 352, 306, and
254 nm at 3.7, 4.2, and 7.5 W·m‒2). All three forms of ultraviolet radiation were found to
upregulate the biosynthesis of phenolic compounds in leaf tissues as well as stimulate the
expression of phenylalanine ammonia lyase. UV-B and especially UV-C had profoundly
negative effects on growth and produced various physiological disorders such as
browning and the formation of waxy surfaces on leaves. UV-C’s effects were so strong
that the authors stopped the treatment after only 3 days and reported that leaf
fluorescence (Fv/Fm) had dropped to less than 0.1. The most salient point is that UV-A
had the least negative impact on growth and development of the plants while inducing
desirable secondary metabolic responses. In addition to being relatively safe compared to
UV-B and UV-C, these data suggest that UV-A could be a more sustainable and practical
wavelength of light for increasing the nutritional value of produce than UV-B or UV-C.

Ultraviolet B
Ultraviolet B (UV-B, 280-315 nm) is the highest energy form of light that reaches
the Earth’s surface. Although outside the range of PAR, UV-B is a powerful elicitor of
photomorphogenesis in plants. UV-B is generally viewed in a negative light because of
its long-known ability to reduce plant height and modify the anatomy of leaves
(thickening, wax accumulation, bronzing, etc.) in both dicot and monocot plant species
(Tevini et al., 1981; Murali and Teramura, 1985). UV-B can also initiate a panoply of
metabolic responses in effort to protect tissues from oxidative stress (Bassman, 2004).
Some of these responses, such as the production of phenolic compounds, can greatly
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interfere with the performance and fecundity of a broad range of insect and fungal species
(Paul et al., 2005; Vanninen et al., 2013). Other responses, such as changes in the
partitioning of mineral elements in plant tissues, might be a downstream consequence of
UV-B’s effects on growth and development (Peng and Zhou, 2010). Perhaps most
interesting is the fact that UV-B’s transmission into greenhouses is completely blocked
by greenhouse glass and some plastic materials, as well (Aphalo, 2012).

In the past, UV-B radiation was often tied to estimates of ozone depletion
(Caldwell and Flint, 1997; Flint and Caldwell, 1996, 2003; Flint et al., 2004; Aphalo,
2012). Once chlorofluorocarbons were banned in 1978, the need to assess plant responses
to ozone depletion diminished as the global situation became less dire. Still, the
association between decreased stratospheric ozone and increased UV-B radiation is clear,
and the models used to predict these relationships and how plants respond are valid
depending on the context. Many of these models are known as biological spectral
weighting functions (BSWFs), which are related to the action spectrum of a specific
response. The BSWF allows researchers to use a common metric (the action response that
is linked to the particular BSWF) as a way to compare experiments that were conducted
outdoors to those that were grown with artificial UV-B sources that have a different
spectrum from the sun, for instance. Aphalo (2012) succinctly compiled and briefly
described some of the different weighting functions that are used to relate UV-B to ozone
depletion and the responses of plants or other models such as DNA. One of the most
well-known BSWFs for plant responses is the generalized plant action spectrum Caldwell
BSWF from 1971. While this BSWF was heavily used for over 30 years, and continues to
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be used to some degree, the Flint-Caldwell BSWF (Flint and Caldwell, 2003) is
considered to be more accurate because of its inclusion of UV-A effects. This BSWF was
constructed by measuring % enhancement and % inhibition of various morphological
characteristics of oat seedlings exposed to varying doses of light at 275, 297, 302, 313,
and 366 nm using a monochromator. The slopes of the dose response curves were used to
construct the final function, which was similar in shape to the Flint generalized plant
action spectrum (1971), but extends well into the UV-A region making it a more accurate
model. Of course, these BSWFs are not a perfect way to compare solar radiation to that
sourced from fluorescent bulbs and are an approximation, nonetheless (Caldwell and
Flint, 1997).

UV radiation sources vary depending on when a publication was made, but tend
to be fluorescent light bulbs with special phosphor coatings that allow UV radiation to be
emitted. Westinghouse FS40 lamps were popular for a time, but have been largely
replaced by Q-Panel bulbs (either the UVB-313 or UVA-340). Two important
considerations to make when conducting UV research are solarizing the bulbs for 100
hours prior to beginning treatments to stabilize the output and using plastic films to
separate the effects of UV-A from UV-B (Adamse and Britz, 1992). Mylar film is used to
remove all wavelengths below 315nm and cellulose acetate removes wavelengths below
290 nm. Cellulose acetate is particularly important because many UV-emitting bulbs also
emit some UV-C, which can greatly confound experimental results. Novel filters that
remove both UV-C and UV-A or that replicate the solar UV spectrum have been
developed (White and Jahnke, 2004; Sampath-Wiley and Jahnke, 2011). However, these
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filters are liquids, require quartz tubes to hold them, and need to be replaced at minimum
every hour (Sampath-Wiley and Jahnke, 2011). While this may be feasible for short-term
studies of microorganisms, it is largely impractical for whole-plant physiology especially
when considering long-duration, statistically robust experiments.

Using tomato seedlings grown in growth chambers under 400 µmol·m‒2·s‒1 (16 h
photoperiod) with either 2.7, 7.2, or 13.1 kJ·m‒2 of UV-B (Q-Panel; UVB-313) along
with all combinations of CO2 (380 or 600 µL·L‒1), Hao et al. (1997) found that the
highest dose of UV-B reduced plant stem dry weight, leaf area, and plant height
compared to the lowest level. The worst damage in terms of growth reduction was seen at
the highest CO2 level. Interestingly, photosynthesis was not affected on a leaf area basis
and the difference in growth was likely due to a reduced photosynthetic area and not a
reduced photosynthetic rate. From an application standpoint, the negative effect of UV-B
on growth was leveraged to control the height of tomato transplants in a greenhouse
setting by Del Corso and Lercari, (1997). UV-B fluorescent bulbs emitting anywhere
from 1.0 to 16.7 kJ·m‒2·d‒1 (TL 12 40W, Philips) were used in a UV-B-free greenhouse.
A crucial point to this study was that it was conducted during the winter (low PAR) and
the spring (high PAR) and that the amount of UV needed to induce a response in highlight was much greater than in low light. Similar trends were reported in soybean
(Glycine max) by Mirecki and Teramura, (1984) and in bean plants (Phaseolus vulgaris)
by Cen and Bornman, (1990). These findings are important as they indicate that the
degree of UV responses is dependent on background levels of PAR. Others such as
Latimer et al. (1987) and Kittas et al. (2006) have used UV-B through either
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supplemental light or greenhouse cladding materials, respectively, to modify the growth
and development of eggplant (Solanum melonga). In the Latimer et al. (1987) study, UV
radiation decreased leaf area and specific leaf water content, but increased specific leaf
weight. In the Kittas et al. (2006) study, eggplants grown in greenhouses that allowed
UV-B radiation through were 21% shorter and had 17% less leaf area than those grown in
greenhouses that only transmitted 5% of solar UV-B. Plants grown with less UV-B light
also yielded better (20% more fruits) and had slightly larger fruits.

Tomato, cucumber (Cucumus sativa), and Arabidopsis seedlings were exposed to
5 hours of UV-B (2.4 W·m‒2; XX-15B, Spectronics). During this time, nonphotochemical quenching mediated by the xanthophyll cycle was decreased by UV-B
radiation, but this effect was short-lived once the UV-B treatment was discontinued
(Moon et al., 2011). Because expression of genes encoding enzymes needed to produce
xanthophyll pigments (e.g. violaxanthin deepoxidase) were not affected, the authors
conclude that the decrease in NPQ was due to a decrease in photosynthetic electron
transport. At extremely low fluence rates (<1.0 µmol·m‒2·s‒1), UV-B is able to degrade
the D1 and D2 proteins that comprise photosystem II (PSII) in plants (Jansen et al., 1996;
Booij-James et al., 2000). In algae, UV-B was found to lower both chlorophyll a and b,
which would reduce photosynthetic efficiency (Agrawal, 1992).Various phenolic
compounds have been shown to mitigate this effect as proven by the use of various
phenolic knockouts (tt4, tt5, and fah1) in Arabidopsis (Booij-James et al., 2000). While it
seems completely obvious that UV-B is deleterious for photosynthesis, and more broadly
plant growth and development, a recent publication by Wargent et al., (2014) shattered
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this preconception after reporting higher net photosynthesis in lettuce seedlings exposed
to ecologically relevant UV-B fluxes. Net photosynthesis in lettuce plants grown with
supplemental UV-B (Q-Panel UVB-313, 10 kJ·m‒2·d‒1 ; Caldwell (1971)) increased
compared to plants grown in growth chambers without supplemental UV-B. Compared to
a greenhouse control (no UV-B), both growth chamber treatments (UV-B+ and UV-B-)
had higher net photosynthetic rates, but lower leaf fluorescence. Metabolomic screening
showed variation in a number of compounds related to UV screening as a result of UV-B
exposure. These data show that UV-B should not be viewed exclusively as a deleterious
wavelength of light on plant growth and development. The fact that Wargent et al. (2012)
used ecologically relevant doses of UV-B light also calls into question how UV-B is
measured and reported.

One way to approximate ecologically relevant UV-B doses is to modify the
cladding material of a greenhouse or high tunnel. This allows for sunlight to provide the
UV-B dose without grossly altering the spectrum and possibly confounding results.
Tsormpatsidis et al., (2008), grew lettuce in high tunnels covered with films that cutoff at
280, 320, 350, 370, 380, and 400 nm. They found that anthocyanins, total flavonoids, and
total phenolics increased as the cutoff of the plastic decreased. However, an opposite
trend was observed for dry matter accumulation, suggesting a balance between
optimizing yield and increasing nutritionally-relevant phytochemicals. This trend was
shown by Krizek et al. (1998). A study by Ordidge et al., (2010) and used either a UVblocking film, one that let a small amount of UV into the growing environment, and one
that let most UV into the growing environment. The red lettuce variety “Lollo Rosso”
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responded strongly to increased UV-B radiation through the production of various
phenolic and polyphenolic compounds. However, the constitutively green-leafed variety
“Lollo Biondo” did not respond at all. Responses in the fruit-bearing plants such as
strawberry, raspberry (Rubus idaeus), and blueberry (Vaccinum corymbosum) were
trivial. Peaches grown under UV-proof film had lower anthocyanins than those that
allowed the transmission of UV, and postharvest treatment of fruits with 3.58 W·m‒2
significantly increased skin anthocyanins compared to darkness or 120 µmol·m‒2·s‒1 of
PAR from fluorescent lamps (Kataoka and Beppu, 2004). Tomatoes were grown by
Luthria et al. (2006) in high tunnels that either allowed for or blocked the transmission of
light below 380 nm. Trends reported in this paper indicated that the inclusion of UV
radiation may stimulate the accumulation of various phenolic compounds in tomato
fruits. However, no statistical analyses were conducted, so it is difficult to ascertain
whether these differences were significant. Three tomato genotypes (DRW 5981, hp-1,
and Esperanza) were grown in greenhouses that either allowed or blocked UV-B
radiation from entering (Giuntini et al., 2005). The effects of UV-B varied greatly by
cultivar. For instance, antioxidant capacity was greatly lowered in Esperanza, but
remained statistically the same in DRW 5981 and hp-1 with UV-B exposure. Ascorbic
acid was lower in Esperanza and DRW 5981 fruits because of UV-B radiation, but
increased in HP-1 fruits. Lycopene and total carotenoids increased in DRW 5981 but
decreased extremely in Esperanza. These complex results indicate that UV-B responses
even within a species can be vastly different. A similar study was done by Giuntini et al.
(2008) but with only Esperanza and DRW 5981 tomatoes. In this study, flavonoids were
profiled using LC-MS/MS. Gene expression using qRT-PCR was also carried out to
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assess the changes in expression of flavonoid biosynthetic genes during the ripening
process in the presence or absence of UV-B radiation. Not surprisingly, the two varieties
differed in their responses to UV-B radiation in opposite ways. Gene expression of
several genes in the flavonoid biosynthesis pathway varied greatly depending on ripeness
stage, variety, or the presence of UV-B. Carotenogenesis was examined in rin, nor, and
Ailsa Craig tomatoes by Becatti et al., (2009). By controlling for both ethylene
production and UV-B with different greenhouse coverings, this group was able to
separate the effects of ethylene and UV-B induced carotenogenesis. Most importantly,
this team found that UV-B can influence carotenogenesis through the production of
ethylene as well as through signal cascades not directly tied to ethylene. Lastly,
Calvenzani et al. (2010) grew ‘Moneymaker’ and hp-1 tomatoes in greenhouses that
either allowed for or blocked the transmission of UV-B radiation. While measuring
prominent tomato flavonoids as well as the expression of genes in the flavonoid
biosynthesis pathway, they also measured the expression of genes in light transduction
such as COP1, COP1LIKE, DDB1, and HY5. Expression of these genes varied
depending on cultivar, UV-B exposure, and stage of ripeness. UV-B induced the
expression of these genes earlier than plants grown without UV-B radiation. They also
concluded that the light perceived by mature green tomatoes has consequences in terms
of the expression of genes during ripening and the phytochemical profile that develops.
Unfortunately, it is impossible to replicate these studies as the amount of UV-B received
by the plants was not recorded. However, these studies leave readers with the idea that
artificial UV-B sources could be used to replicate some of the effects seen using ambient
UV-B doses.
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In broccoli sprouts, doses of UV-B radiation between 0.3 and 1.0 kJ·m‒2·d‒1
(Philips 20W TL20 UV-B bulbs) with 50-60 µmol·m‒2·s‒1 of PAR greatly enhanced both
the production of glucosinolates as well as upregulated genes related to insect and
pathogenic attack (Mewis et al., 2012). Carotenoids and chlorophylls in leaf tissues
remained unchanged by the UV-B stimulus, but pre-exposing plants to UV-B negatively
affected the feeding behavior of the caterpillar Pieris brassicae. Eight different green and
red leaf lettuce varieties were grown by Caldwell and Britz, (2006) and were
supplemented with either UV-A radiation or UV-A + UV-B radiation (lamps and doses
not provided) or grown in greenhouses as a control. Green leaf lettuce varieties tended to
have more neoxanthin, lutein, and β-carotene under supplemental UV-A + UV-B than
controls. Interestingly, red-leafed varieties responded oppositely. Similar trends were
observed with chlorophyll a and b as well as pheophytin a and b. ‘Moneymaker’ and hp-1
tomatoes were ripened in a post-harvest environment either without or with supplemental
UV-B radiation (Philips TL20 Lamp, 6.08 kJ·m‒2·d‒1 for 1 hour) (Castagna et al., 2013a).
Fruits were picked at either mature green or turning and allowed to ripen in their
respective treatments. They found that fruits ripened under UV-B starting from the
mature green stage had more conspicuous increases in flavonoids and flavonols, but not
total phenolics in ‘Moneymaker’ fruits. UV-B also had a significant effect in increasing
the concentrations of some phenolic acids in ‘Moneymaker’ flesh and peel tissue.
Similar, but less profound trends were observed in the hp-1 fruits. A complimentary
study by (Castagna et al., 2013b) used the same experiment but reported the effects of
post-harvest UV-B on carotenoids and ascorbic acid. Lycopene and β-carotene increased
by 40 and 72%, respectively. Clearly, UV-B is a powerful elicitor of secondary metabolic
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pathways that lead to the production of phytochemicals beneficial for human health. The
fact that it is screened-out by greenhouse glass makes it an excellent candidate
wavelength to environmentally manipulate plants. In order to better understand how
plants perceive UV-B radiation, it is important to be familiar with the proteins that are
required for UV-B-related signal transduction.

UV-B Perception
UV-B radiation, like many other forms of light, is perceived by plants through a
photoreceptor protein. Almost 20 years ago, it was accepted that UV-B signaling in
plants is through a signaling pathway distinct from blue and UV-A (Christie and Jenkins,
1996). Recently, it was discovered that the homodimeric β-propeller protein known as
UV RESISTANCE LOCUS 8 or UVR8 is a photoreceptor that mediates changes in plant
gene expression in response to UV-B stimuli (Rizzini et al., 2011). However, perception
of UV-B is not simply a photomorphogenic response, but also a perception of damage to
proteins, lipids, RNA, and DNA (Ulm and Nagy, 2005; Gardner et al., 2009).
Frohnmeyer and Staiger's 2003 publication succinctly summarized this phenomenon of
balancing damage and protection by likening the bifurcated response to UV-B to the high
irradiance responses mediated by phytochromes. Indeed, there is a continuum of
responses that range from damage to photomorphogenesis.

Ulm et al., (2004) proposed the possibility of distinct UV-B sensing mechanisms,
in plants depending on the wavelength of UV-B. Using a series of cutoff filters that
gradually removed varying amounts of the lower wavelength UV-B radiation emitted by
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six Philips TL 40W/12 UV fluorescent bulbs (Spectral peak: 310 nm, 7 W·m‒2), this
group found that a small subset of the total genes that were studied in relation to UV-B
response were antagonized by short-wavelength UV-B (between 280-300 nm) compared
to treatments receiving UV-B above 295 nm (the lower limit of the 305 nm cutoff filter).
Gardner et al., (2009) exposed etiolated Arabidopsis seedlings to different qualities and
quantities of UV-B and UV-A radiation to determine dose-response curves for hypocotyl
growth inhibition. Beyond the data collected for growth and development metrics of
various photoreceptor mutants, they also examined the same responses in several lines of
Arabidopsis deficient in DNA repair. They found that these plants in particular were
hypersensitive to UV-B, which implicates DNA damage as a catalyst for UV-B
responses. This hypothesis was confirmed by Biever et al. (2014) who found that cell
cycle arrest as a result of DNA photodimer accumulation stunted the growth of
Arabidopsis seedlings. Interestingly, they also found that this mode of UV-B perception
did not enhance the expression of CHS which is a longstanding beacon for UV-B
perception in plants. Still, under conditions with ambient UV-B levels, UV-B is primarily
sensed through photomorphogenic pathways.

Calmodulin was also discovered to be required for UV-B signal transduction by
using compounds that interfered with calmodulin and calcium signaling and measuring
chalcone synthase in terms of its expression (Christie and Jenkins, 1996). However,
calmodulin is not required for UV-A/blue-light-induced expression of CHS. After
exposure to UV-B and UV-A, cytosolic calcium levels rose rapidly (Long and Jenkins,
1998; Frohnmeyer and Staiger, 2003). That said, calcium is a necessary signaling
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component for both UV-B and UV-A/blue regulation of CHS, but an influx of calcium
into the cell does not necessarily guarantee CHS transcription (Christie and Jenkins,
1996). Interestingly, concomitant exposure to UV-A and UV-B enhances CHS expression
beyond the individual contributions that UV-A or UV-B would make, perhaps indicating
a synergism between UV-A and UV-B perception mechanisms (Fuglevand et al., 1996).
Early on, a protein known as UV-B LIGHT INSENSITIVE 3 (ULI3) was originally
thought to be related to UV-B signaling (Suesslin and Frohnmeyer, 2003) because UV-B
irradiation increased its transcription and knockout mutants resulted in plants that were
less sensitive to UV-B radiation in terms of gene expression of UV-B responses. But
being mainly located only in cytoplasm as shown by ULI3-GFP fusion analysis, there is
no evidence of a molecular function (Jenkins and Brown, 2007). That said, it could still
serve an indirect role in UV-B signal transduction.

Other proteins have been identified as well, but the most promising was the
homodimeric β-propeller protein UVR8. It has been shown that UVR8 interacts with the
E3 ubiquitin ligase COP1 and mediates UV-B responses (Favory et al., 2009). Rizzini et
al., (2011) showed that upon illumination with UV-B radiation, UVR8 splits into its
monomeric constituents, and each subunit binds to COP1. After a series of steps outlined
below, the complex binds to chromatin and directly affects gene expression. More
recently, Christie et al. (2012) discovered the exact mechanism for UVR8 perception.
Using x-ray crystallography and small angle x-ray scattering, they precisely determined
the structure and features of the protein. Importantly, they found that there are many
amino acid residues (7 tryptophans, 3 phenylalanines, and 2 tyrosines) that exist between
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the two dimers. Three tryptophans (W233, W285, and W337) form a “pyramid” that
forms a hydrogen bond with the same three tryptophans on the other monomer. These
tryptophans are also surrounded by arginines that encapsulate the tryptophan pyramid.
Given their natural ability to absorb UV light, the tryptophans break their hydrogen bonds
with the tryptophans of the other monomer and the entire dimer dissociates upon UV-B
exposure. Heijde et al., (2013) leveraged this knowledge to generate Arabidopsis plants
that had constitutively active UVR8 proteins. They used site specific mutagenesis to
change W285 with A285, effectively dismantling the tryptophan pyramid and not
allowing the two monomeric subunits of UVR8 to bind.

As mentioned earlier, COP1 binds to UVR8 monomers and allows for UV-B
signal cascades to occur (Rizzini et al., 2011). In addition to COP1, the bZIP transcription
factor HY5 and its homolog HYH have been shown to be necessary for UV-B signal
transduction through loss-of-function mutants (Brown and Jenkins, 2008). Besides COP1,
which has a well-known ability to repress photomorphogenesis, REPRESSOR OF UV-B
PHOTOMORPHOGENESIS 1 (RUP1) and 2, and SPA1 are WD40-repeat-containing
proteins that also repress photomorphogenesis and are important for UV-B signal
transduction (Gruber et al., 2010). That said, COP1 and SPA1 interact with UVR8 to
positively mediate UV-B induced responses (Lau and Deng, 2012). It is worth noting that
this interaction is very similar to the COP1-SPA1 interaction that helps mediate
cryptochrome responses. The role of SPA1 in this interaction remains poorly understood
(Jenkins, 2014). RUP1 as well as RUP2 are important negative feedback regulators and
inhibit the continued association between UVR8 and COP1 (Gruber et al., 2010; Tilbrook
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et al., 2013). The UVR8-COP1-SPA1 complex then interacts with HY5 and/or its
homolog HYH and affects gene transcription through association with the WD40-bHLHMYB complex. A diagram outlining this interaction can be found below in figure 1.2.

Figure 1.2. A proposed mechanism for UV-B signaling compiled from (Favory et
al., 2009; Christie et al., 2012; Jenkins, 2014; Li et al., 2014). Diagram rendered by
(Zoratti et al., 2014).

In Arabidopsis, UVR8 is constitutively expressed regardless of UV-B exposure
(Tossi et al., 2011; Binkert et al., 2014). However, some of the mediators of UV-B
signals, like COP1 and HY5, increase in expression as a response to UV-B (Ulm et al.,
2004; Huang et al., 2012; 2014). Brown et al., (2009) constructed an action spectrum of
HY5 transcription to varying fluence rates and exposure times and found that the law of
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reciprocity was upheld for HY5 transcription. HY5 is able to target its own promoter with
the assistance of HYH by binding to a T/G box cis-acting element (Binkert et al., 2014).
This creates a positive feedback loop that can be interrupted by COP1 mediated
destruction of HY5 in the dark (Oravecz et al., 2006). The need for HY5 and HYH for
UV-B signaling is echoed by Brown and Jenkins, (2008). Strangely, Morales et al.,
(2012) reported that UV-B exposure decreased the transcript levels of HY5 and
differences were highly dependent on time of sampling (12 h, 36 h, and 3 weeks).
However, their study was done outdoors using different UV-filtering plastics. That said,
the Morales et al. data may be more representative of plant responses to solar UV-B.
Additionally, Huang et al. (2012) grew their Arabidopsis plants with 3 µmol·m‒2·s‒1 of
PAR with 1.5 µmol·m‒2·s‒1 of UV-B. The ratio of PAR/UV-B in that study is
staggeringly different than what is found in nature, so this discrepancy might explain the
difference between the two studies. Clearly, there are differences in the literature with
regard to the fine details of UV-B signal transduction mainly due to experimental
conditions. Still, a basic understanding of the UV-B signal transduction pathway has been
achieved during the last few years, but there remain many gaps as to the functions of
individual components as well as interactions with other light signaling pathways.

Ultraviolet C
Because of the inherent danger to humans that UV-C (100 – 280 nm) poses,
interest in using UV-C as a means to enhance the quality of produce through stimulating
the production of antioxidant compounds and reducing the fecundity and virulence of
pathogens is limited by safety aspects. In nature, atmospheric ozone is primarily
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responsible for attenuating wavelengths of light below 320 nm with a cutoff between 295
and 300 nm (Caldwell et al., 1983; McKenzie et al., 2003). Thus, plants have not
necessarily been under a selective pressure to evolve a sensing mechanism for this form
of light. That said, plants can perceive UV-C radiation, but not in the way plants perceive
other forms of radiation such as red or blue light through the action of specific
photoreceptors. Rather, UV-C is perceived through the accumulation of damaged DNA in
the form of cylcobutane pyrimidine dimers, pyrimidine-(6-4)-pyrimidone photoproducts,
as well as fragmented DNA that is reminiscent of apoptotic cells (Britt, 1996; Danon and
Gallois, 1998). Additionally, UV-C exposed plants emit unusually high amounts of
methyl salicylate and methyl jasmonate; two volatile plant-signaling compounds that
signal genome instability, which can prime neighboring plants to increase their defenses
against bacterial pathogens (Yao et al., 2012). Plants typically adapt to UV-C stress (and
also to UV-B stress) by producing epicuticular waxes on their leaves to reflect UV-C
radiation away from plant tissues (Gonzalez et al., 1996; Jansen et al., 1998) and the high
energy photons can destroy proteins and membrane lipids within plant cells (Du et al.,
2003). Because of the high energy contained in each photon of UV-C radiation, even
short doses of UV-C (<30 minutes) during postharvest have shown promise in enhancing
the total phenolics and ascorbic acid content of tomatoes (Jagadeesh et al., 2009).

UV-C (spectral peak: 254 nm; 3.7 kJ·m‒2) was found to directly impact the
progression of fruit ripening by affecting enzymes related to cell wall softening (β-Dgalactosidase, cellulase, pectin methyl esterase, polygalacturonase, protease, and
xylanase) (Barka et al., 2000). Normally, these enzymes increase in activity during fruit
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ripening and their activity is in part regulated by the gaseous hormone ethylene
(Alexander and Grierson, 2002). Barka et al., (2000) found that UV-C delayed fruit
softening in tomatoes during storage and more broadly, delayed normal ripening
processes. This study was well complemented by Liu et al. (2011a) in which a similar
UV-C dose was used and found that the expression of 677 genes were altered in response
to UV-C, many of which were related to various metabolic pathways and general defense
responses.

A very similar study to Barka et al. (2000) was done by Liu et al. (2012), who
looked at 2, 4, 8, and 16 kJ·m‒2 (spectral peak 254 nm). They found that the best dose
was between 4 and 8 kJ·m‒2 for increasing phenolic compounds such as gallic and
chlorogenic acid. Additionally, the total antioxidant values of tomatoes under either 4 or
8 kJ·m‒2 was highest compared to other treatments as well as unsupplemented controls.
The Liu (2012) study was well complemented by Liu et al. (2009) where a 13.7 kJ·m‒2
dose (spectral peak 254 nm) for 12 minutes on each side of the fruit was found to
maintain the quality of tomatoes postharvest for 21 days compared to control fruits. In
this case, phenolics were not measured. However, lycopene and β-carotene were
measured and lycopene increased because of UV-C treatment compared to controls. βcarotene was not found to change as a result of UV-C, though. Interestingly, Jagadeesh et
al., (2009) found that UV-C decreased lycopene in tomatoes with a dose of 3.7 kJ·m‒2.
However, different doses and varieties of tomatoes were used in the two studies
implicating a potential interaction between doses and genetic background.
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In strawberry (Fragaria x ananassa) fruits, UV-C (spectral peak 254 nm; 4.1
kJ·m‒2) inhibited the accumulation of anthocyanins through an inhibition of enzymes
related to flavonoid biosynthesis such as phenylalanine ammonia-lyase, tyrosine
ammonia-lyase, and p-coumarate ligase (Li et al., 2014). Interestingly, these enzymes
were upregulated as would be expected after the initial dose of UV-C, but showed
inhibition after 3 or 4 days. It was also reported that at certain doses, anthocyanins
decreased demonstrating negative aspects to using UV-C as a method for postharvest
biofortification of crops. This phenomenon of UV-C’s effects diminishing over time has
also been reported for blueberries (Vaccinum corymbosum) (Wang et al., 2009). This
group used either 0.43, 2.15, 4.30, or 6.45 kJ·m‒2 and found that 2.15 or 4.30 kJ·m‒2 had
the best effect for accumulating a variety of anthocyanins and phenolic compounds
overall. They also found that over a time course, responsiveness to the UV-C treatment
was during the beginning of treatment with a steady decline over time. Maximum
responsiveness during the inception of a UV-C dose has been reported in other light
signaling systems such as UV-B mediated transcription of HY5, indicating a conserved
pattern of signal transduction/gene transcription throughout many processes (Oravecz et
al., 2006).

With UV-C, there are potential drawbacks to the final quality of produce,
although not often reported. In many cases, UV-C can cause an accumulation of lignin,
suberin, and other phenylpropanoid derived compounds that render the produce visually
unappealing, texturally repugnant, and otherwise inedible. In tomato fruit surfaces, UV-C
(spectral peak 254 nm; 3.7 kJ·m‒2) was able to stimulate the phenylpropanoid pathway as
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made evident by suberization and lignification (Charles et al., 2008). Interestingly, UV-C
treatment prior to inoculation with Botrytis cinerea fortified and otherwise primed fruit
surfaces for pathogen attack. This effect was clearly illustrated by the concentration of
rishitin, a phenolic phytoalexin produced by plants infected by fungal pathogens.
Concentrations climbed to a maximum after 15 days of treatment, but declined back to
starting levels by day 35 of storage. This drop off in rishitin production was attributed to
senescence of fruit tissue. Importantly, UV-C treated fruits produced rishitin for a longer
period compared to non-UV-C supplemented fruits.

In histological studies of tomato fruits exposed to UV-C, deposition of phenolics
could be observed in mesophyll cells near the fruit surface after just 6 hours of treatment
(Charles et al., 2008). As treatment time increased, the cuticle and epidermis thickened
substantially and Prussian blue staining highlighted the abundance of phenolics in these
tissues. The suberization and lignification observed after UV-C treatment was similar to
tomato fruits inoculated with Botrytis cinerea, but was less intense. The phenylpropanoid
pathway clearly serves, at least in part, as one mechanism for plants to defend themselves
against a broad range of biotic and abiotic stressors.

While the studies outlined above were done with fruits postharvest, very few
studies have been performed on developing plants with a context of biofortification. Xie
et al., (2015) exposed strawberry plants to 15 seconds of UV-C (Spectral peak 254 nm)
twice weekly for a dose of 0.6 kJ·m‒2. Although responses were different depending on
the cultivar and season, there was no demonstrative benefit of using UV-C in this way.
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Season and cultivar played a much larger role in accumulation of various polyphenolic
and phenolic compounds as well as determining the ferric-reducing antioxidant power
and oxygen radical absorbance capacity. A similar effect of seasonality on phytonutrient
profiles in tomatoes has been shown by Slimestad et al., (2008). The lack of effects in
this study may have been because of infrequent application and low total energy.

Tomato Flavor
For many of a certain generation, eating a tomato used to be a very vivid and
exciting experience. So much so that tomatoes could easily have been eaten much in the
same way one would eat an apple (Bennett, 2012). However, due to changes in consumer
behaviors and the demand for produce year round, yield and uniformity has been
prioritized over flavor in most breeding programs in the 20th century. As such, consumers
are dissatisfied with the flavor of store-bought tomatoes (Kader et al., 1977; Stevens et
al., 1977; Stevens et al., 1979; Baldwin et al., 2000). This problem is particularly
pronounced in tomatoes grown during the off-season where sunlight in greenhouses is
limited and most tomatoes need to be transported from long distances (Watada and
Aulenbach, 1979). Shipping tomatoes and forced ripening with ethylene gas significantly
impacts tomato flavor and consumers are able to notice the difference between these
tomatoes and tomatoes that have ripened “naturally” (Kader et al., 1977; Baldwin et al.,
2000). Accordingly, ripening with ethylene gas has been shown to reduce the
concentrations of VOCs in these tomatoes compared to their field-grown counterparts.
But to understand how tomato flavor is affected by genetic and environmental conditions,
it is important to understand how humans perceive this complex sensation.
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Flavor is perceived by humans through orthonasal and retronasal olfaction
(Landis et al., 2005) as well as gustatory receptors found on the tongue (Herness and
Gilbertson, 1999). Human perception of flavor can also include appearance, texture,
temperature, mouth feel, and past experiences (Goff and Klee, 2006). To oversimplify,
tomato flavor is an interaction between sugars, acids, and a large number of VOCs
derived from various metabolite pools. Interestingly, some VOCs have been shown to
correlate with sweetness, showing that VOCs could be used to influence the way
consumers perceive sugars (Tieman et al., 2012). Sugars and acids have also been found
to interact with VOCs and change the way consumers perceive various flavor and aroma
attributes (Baldwin et al., 2008). Influencing any of these traits through genetic or
environmental approaches could revitalize the allure tomatoes once had.

Modifying the way tomatoes are grown has shown to be one avenue of interest for
improving the flavor of tomatoes. Tomatoes grown with nutrient solutions with EC’s of
1.0, 3.5, and 6.0 mS·cm‒1 were found to be more intensely flavored when grown at higher
ECs, but there was a noticeable difference between the two cultivars used in that one
cultivar also had higher amounts of unfavorable attributes (Auerswald et al., 1999).
While this could be attributed to an increase in the concentration of sugars and organic
acids, VOCs present in the fruits were likely increased as well or even upregulated in
biosynthesis. In terms of genetics, scientists have been trying to address the tomato’s
poor reputation through breeding (Stevens et al., 1979). However, one of the major
challenges is maintaining productive plants with excellent postharvest shelf life or else
growers will have no financial incentive to adopt these varieties (Klee and Tieman,
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2013). Mathieu et al., (2009) systematically identified many quantitative trait loci (QTLs)
related to VOC emission in ripe tomato fruits which will serve as targets for future efforts
in improving the flavor of tomatoes. More information on tomato VOCs can be found in
its respective section, but it is worth discussing the roles of sugars and acids first.

Sugars and Acids
One of the most noticeable component of tomato flavor is sweetness. For the most
part, this sensation is caused by sugars found in tomato fruits, which are primarily the
reducing sugars fructose and glucose, but trace amounts of sucrose are present (Davies et
al., 1981). However, the sweet taste of tomatoes is balanced by the presence of two
organic acids, citric and malic (Davies et al., 1981; Young et al., 1993). While obviously
contributing to the acidic component of tomato flavor, citric acid also correlates with
flavor intensity (Tieman et al., 2012). Importantly, organic acid accumulation has been
found to be different whether the fruit was allowed to ripen on the vine or not. Breaker
fruits harvested before full ripeness showed a faster decrease in total acids than their
counterparts (Sakiyama and Stevens, 1976). Early breeding efforts to correct for poor
flavor focused on sugars and acids and showed promising trends between increasing
these compounds and flavor intensity (Stevens et al., 1977; 1979, Jones and Scott, 1983;
Malundo et al., 1995). However, tomato flavor is still considered to be a major deficiency
of the crop.

Sugars present in tomato fruits are ultimately derived from photosynthesis. The
fruits themselves are photosynthetically competent until ripening where chloroplasts are
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converted to non-photosynthetic chromoplasts. Many older varieties of tomatoes have an
active transcription factor known as Golden 2-like (SlGLK1 and 2) that dictates both the
distribution and accumulation of chloroplasts in tomato fruits (Powell et al., 2012). While
tomatoes were being bred for uniform color, this transcription factor was selected against
which limits the tomato fruits’ ability to accumulate carbohydrates and carotenoids. That
said, modern tomato varieties seem to be indifferent to light in terms of accumulating
sugars which is likely in part due to the non-functional SlGLK2 transcription factor.
Carrara et al., (2001) used gas exchange as well as several other prominent metrics of
photosynthesis on ripening tomato fruits. They estimated that 15% of a tomato plants
photosynthate is derived from the fruits. However, it has been shown that fruit-localized
photosynthesis is more related to seed development than fruit development (Lytovchenko
et al., 2011).

Organic acids, on the other hand, are produced through the Kreb’s cycle.
However, the fate of organic acids is not entirely confined to the mitochondria. Both
citrate and malate can be transported outside of the mitochondria and introduced into
multiple pathways located in the cytosol and glyoxysomes (Etienne et al., 2013). Light
does play a role in the accumulation of organic acids. In tomato plants grown under
different shading conditions, titratable acids were found to increase as a function of how
shaded the plants were (Kläring and Krumbein, 2013). Interestingly, low-light conditions
did not affect total dry matter, sugars, or lycopene in fruits. UV-B radiation was found to
reduce the expression of genes in the later part of the Kreb’s cycle (Cavalcanti et al.,
2014). Some of the compounds produced early in the Kreb’s cycle are re-routed to
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provide substrates needed for the phenylpropanoid pathway for long-term adaptation to
UV-B (Kusano et al., 2011).

Auerswald et al., (1999) found that increasing the nutrient solution of hydroponic
tomatoes from 1.0 to 6.0 mS·cm‒1 had a large effect on the accumulation of reducing
sugars and titratable acids, which likely contributed to the rise in flavor intensity that was
detected by both trained and consumer sensory panels. With similar results to a study by
Wu and Kubota, (2008), hydroponically-grown tomatoes were grown with either 2.4 or
4.8 mS·cm‒1 hydroponic solutions by Kubota et al., (2012). They found that the high EC
treatment increased lycopene and total soluble solids by 18 and 20%, respectively. This is
most likely due to an increase in carbohydrate accumulation and the subsequent upregulation of starch biosynthetic genes in tomatoes as a response to salinity (Yin et al.,
2010). Unfortunately, there were some decreases in overall yield of the plants grown with
high EC nutrient solutions. Similar trends have been reported by (Mitchell et al., 1991;
Segura et al., 2009). Interestingly, Wu et al. (2004) reported no decrease in yield while
increasing total soluble solids as well as lycopene in fruits grown with 4.5 mS·cm‒1.
Although this seems like a very promising way to increase sugars and some
phytochemicals in tomato fruits, the decrease in yield may be prohibitive for most
growers. While sugars, acids, and their balance are crucial for good tomato flavor, an
even more promising avenue is to modify VOC profiles in tomato fruits. Metabolically,
this is less costly to the plant because these compounds are found in relatively low
concentrations, yet their impact on consumers is profound.
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Origins of Flavor Volatiles
Plants produce VOCs for a variety of purposes including interacting with
neighboring plants in the context of kin recognition and competition (Baldwin et al.,
2006; Kegge and Pierik, 2010; Pierik et al., 2014), reacting to herbivores (Paré and
Tumlinson, 1999; War et al., 2011), and defending themselves against fungal and/or
bacterial pathogens (Chambers et al., 2013). However, many VOCs are detectable by
humans and are major contributors to how we perceive flavors and aromas. Since many
of these compounds are derived from nutritionally important phytochemicals, such as
carotenoids and branched-chain amino acids, it has been proposed that humans have
evolved to prefer certain flavors and aromas as a means for improving our health (Goff
and Klee, 2006). Tomatoes are no exception to this and produce a wide array of VOCs
that create the tomato’s unique flavor and aroma profile.

In tomato fruits, more than 400 VOCs have been identified (Petro‐Turza, 1986).
However, around 30 VOCs have been implicated as the most crucial for the perception of
tomato flavor (Tieman et al., 2006b). These include: acetaldehyde, acetone, methanol,
ethanol, 1-penten-3-one, hexanal, cis-3-hexenal, 2+3-methylbutanol, trans-2-hexenal,
trans-2-heptenal, 6-methyl-5-hepten-2-one, cis-3-hexenol, 1-nitro-2-phenylethane,
geranylacetone, 2-isobutylthiazole, and β-ionone (Maul et al., 2000). However, other
VOCs have recently been shown to positively influence consumer perception of flavor
intensity and sweetness such as 2-butylacetate, cis-3-hexen-1-ol, 3-methyl-1-butanol, 2methylbutanal, 1-octen-3-one, and trans,trans-2,4-decadienal. Many of these VOCs can
influence the way humans perceive broad flavor categories. For example, geranial, 2-
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methylbutanal, and 3-methyl-1-butanol were linked with sweetness independently of
flavor intensity (Tieman et al., 2012). Additionally, the stimulus to biosynthesize these
VOCs varies greatly. Compounds that were formed prior to chewing, such as 2- and 3methylbutanal, are volatilized quickly upon mastication (Boukobza et al., 2001).
However, some flavor compounds are formed enzymatically in response to the disruption
of plant tissue and rise in concentration as a function of time (Xu and Barringer, 2010).
This shows that measuring VOCs in tomatoes can be complex in terms of sample
processing and timeliness of measurements.

Environmental conditions can greatly affect the production and emission of
VOCs. The volatile profile of tomato fruits grown in the field and greenhouse were
quantified by Dalal et al., (1967, 1968) using gas chromatography. These analyses
revealed that field grown tomatoes tended to have higher levels of VOCs grouped within
alcohols, aldehydes, and esters indicating that environmental differences had a strong
impact on the VOC profile of tomato fruits. Additionally, tomatoes ripened with
exogenous gas had lower concentrations of VOCs compared to field-grown fruits (Dalal
et al., 1967). This shows that the common practice of harvesting at the mature green stage
and ripening fruits onboard trucks or at their destination is detrimental for their final
flavor. Furthermore, temperature plays a large part in tomato quality in relation to VOCs,
among other things. Maul et al., (2000) found that tomatoes stored at 5 °C were ranked
lower by sensory panelists for aroma, sweetness, and tomato flavor while having rated
these tomatoes higher in sourness compared to tomatoes stored at near room temperature
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(20 °C). These results concur with the fact that tomatoes undergo chilling injuries below
13 °C (Hobson, 1987).

Light also plays a major role in VOC production and emission in plants. Basil
(Ocimum basilicum) was grown in a field plot by Loughrin and Kasperbauer (2003) with
six colors of plastic mulches (black, red, green, blue, yellow, and white). Red
significantly decreased total volatiles produced by the plants compared to other
treatments. Dozens of individual volatiles (aliphatic and terpenoid compounds) were
quantified via GC. These compounds varied widely depending on the color of plastic
mulch used. UV-B was utilized by Johnson et al. (1999) to successfully modify the aroma
profile of basil plants grown in a glass-glazed greenhouse. They found that in the fiveleaf stage, volatiles were most affected by UV-B radiation (a 4x difference compared to
controls). The phenylpropanoids measured in this study (eugenol and methyl eugenol)
were strongly affected by UV-B, which may have been due to a flux in the pathway due
to the production of flavonoids or other UV-screening phenylpropanoids. These results
are parallel with those found by Colquhoun et al. (2013) where specific wavelengths of
light produced by LEDs changed the VOC profiles of flowers and various fruits. While
the production and emission of VOCs is complex and not fully understood, their
biosynthesis can be broken into three different categories: carotenoid derived, amino
acid-derived, and fatty acid-derived and will be discussed in brief below.
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Carotenoid-Derived Volatiles
Carotenoid-derived VOCs are breakdown products of an array of carotenoids and
are produced from a family of enzymes known as carotenoid cleavage dioxygenases
(CCDs) (Auldridge et al., 2006). Among the carotenoid-breakdown products are β-ionone
(Schwartz et al., 2001), β-damascenone (Goff and Klee, 2006), geranylacetone (Simkin et
al., 2004), and even the phytohormone abscisic acid (Schwartz et al., 1997). Although
found in low concentrations, many apocarotenoid VOCs have low odor thresholds and
are detectable by humans (Tandon et al., 2000; Tieman et al., 2012). One study found that
α-ionone, was detectable by some panelists who were unable to detect β-ionone, its
isomer (Plotto et al., 2006). This shows that tomato flavor improvement through
carotenoid-derived (and perhaps other) VOCs is difficult due to variation in perception
among the human population. Many of these compounds lend “fruity” notes to the flavor
and aroma profile and are important for the overall perception of fruit quality (Baldwin et
al., 2004).

Fatty Acid-Derived Volatiles
Fatty acid-derived VOCs are breakdown products of fatty acids that contribute to
the flavor and aroma of a wide range of plant products. Linolenic and linoleic acid, the
most prominent fatty acids in tomato fruit, are respectively converted to hexanal and (Z)3-hexenal by lipoxygenase (LOX) and hydroperoxide lyase (HPL) enzymes (Stone et al.,
1975). This cascade of reactions produces the “green” aromatic notes associated with
tomato flavor (Petro‐Turza, 1986; Baldwin et al., 2004). These substrates and enzymes
are spatially separated in intact cells and only interface from tissue disruption (e.g.
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chewing) (Xu and Barringer, 2010). Among other VOCs, fatty acid-derived VOCs can
decrease as a result of chilling which negatively impacts tomato flavor (Maul et al.,
2000).

Amino Acid-Derived Volatiles
The last major source of VOCs in tomatoes are from various amino acids
including, leucine, isoleucine, and phenylalanine, among others (Baldwin et al., 2000;
Goff and Klee, 2006). Because of the variety of amino acids, there is a high amount of
diversity for amino acid-derived VOCs because multiple VOCs can be biosynthesized
from each amino acid. For example, 2-methylbutanal, 3-methylbutanal, and 2isobutylthiazole originate from the amino acid leucine (Tressl and Drawert, 1973; Tandon
et al., 2000; Tieman et al., 2006). Phenylalanine-derived volatiles such as 1-nitro-2phenylethane, 2-phenylethanol, and phenylacetaldhyde tend to be described as “floral” or
other descriptors related to “sweet” (Tieman et al., 2006a). In the case of phenylalaninederived VOCs, these compounds are biosynthesized from aromatic L-amino acid
decarboxylases and later by various aldehyde reductases (Tieman et al., 2006a, 2007;
Mathieu et al., 2009). That said, not every amino acid is capable of being converted into a
VOC let alone a VOC that is important for flavor and aroma. Still, the VOCs derived
from amino acids are important for tomatoes as well as many other horticultural crops.
The proposal that the classes of VOCs mentioned above serve as signals for nutritionally
important phytochemicals is thought provoking and merits the discussion of the healthful
compounds produced by tomato fruits.
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Tomato Phytonutrients
The popularity of the tomato is due in part to its beneficial properties for human
health and the prevention of diseases. Tomatoes are a rich source of vitamin A, vitamin
C, vitamin K, manganese, and potassium in addition to being a good source of vitamin
B6, vitamin E, copper, folate, magnesium, niacin, phosphorous, and thiamin (USDAARS, 2014). According to the USDA-ERS (2012), about 75% of all tomato products are
in a processed form (e.g. sauce, paste, etc.) and a third of those processed tomato
products are consumed outside of the home environment. Processing can greatly enhance
the bioaccessibility of certain compounds, such as carotenoids, through the destruction of
cell walls and through changes to phytochemical structural properties through actions
such as heating (Stahl and Sies, 1992; Tonucci et al., 1995; Gärtner et al., 1997), but can
also reduce the content of others such as polyphenols and ascorbic acid (Georgé et al.,
2011; Vallverdú-Queralt et al., 2012). Still, fresh market greenhouse-grown tomatoes
represent a non-trivial component of total production and have a reputation of nutritional
inferiority among consumers (Munoz, et al. 2008).

Much of the tomato’s nutritional reputation is focused around antioxidant
compounds that are found throughout the fruit. Carotenoids, phenolics, polyphenolics,
and vitamin C tend to gain much of the attention as they have been linked to preventing a
breadth of non-communicable diseases (Frusciante et al., 2007; Spencer, 2009a; Raiola et
al., 2014). These compounds are synthesized in fruit tissues in order to protect the
developing seeds and ensure that the genetic material of the parents is successfully passed
on to future generations. Accordingly, the biosynthesis of these compounds can be
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upregulated as a coping mechanism to a variety of stressors. One major stress is from
oxidation, which occurs from light, high temperatures, and the resulting free radicals
produced from these stressors as well as those from routine metabolic processes (Liu et
al., 2004; Giliberto et al., 2005; Gautier et al., 2005b; Torres et al., 2006). To satisfy the
demand for exceptionally wholesome tomatoes by consumers, scientists have leveraged
stress responses through approaches using environmental or genetic manipulation.

One method to increase the concentrations of nutritionally important
phytochemicals in tomatoes has been through increasing electrical conductivity (EC) of
the hydroponic solution. Wu and Kubota, (2008) as well as Kubota et al., (2012) were
able to increase the lycopene in hydroponically grown tomatoes with the latter study
increasing lycopene by 18% in fruits. The downside to this method is that yield could be
negatively affected in the long term. That said, Wu et al. (2004) reported no decrease in
yield while increasing total soluble solids as well as lycopene in fruits, so there is some
promise to this strategy. Various studies relating the effects of temperature, light, nutrient
regimens, water availability, and development stage during harvest are well summarized
in a review by Dumas et al., (2003).

The hp-1 (high pigment) mutation was discovered in 1917 at the Campbell Soup
Company farms in Riverton, New Jersey (Reynard, 1956). The phenotype of the hp-1
mutant was found to be the result of a point-source mutation of the gene encoding the
UV-DAMAGED DNA-BINDING PROTEIN 1 (DDB1) (Liu et al., 2004). Later on, the
hp-2 mutant was discovered in San Marzano tomatoes by Soressi (1975). hp-2 is a
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mutation in the DEETIOLATED1 (DET1) protein, which causes constitutive deetiolation
in darkness (Mustilli et al., 1999). These mutants, as well as several others, are described
in more detail in Levin et al. (2006) and highlight the potential of using light signal
transduction processes for genetic improvement of tomatoes and other crops.

Examining nutrient composition data for 43 vegetables from 1950 to 1999,
(Davis, 2009) found that the mineral nutrients calcium, phosphorous, and iron, as well as
total protein, riboflavin, and ascorbic acid, have decreased during this time period. This is
in part due to a “dilution effect” that occurred as plants were bred to produce larger and
more edible tissues (Davis, 2009). As carbon is partitioned into more vegetative and
reproductive structures, plants struggle to biosynthesize and partition proportionate
amounts of various nutraceutical compounds. In the above sections, it has been made
abundantly clear that light, either through environmental manipulation or through direct
manipulation of the signal transduction mechanisms required for light perception, has
profound impacts on the phytochemical profiles of plant products. Leveraging these
pathways through environmental or genetic modification to produce better fruits while
maintaining profitable yields for growers is currently realistic and could effectively
address this problem.

Carotenoids
Of the phytochemicals present in tomatoes, carotenoids are the most widely
recognized. Contributing to the vibrant colors of tomato fruits, carotenoids are also
responsible for many of the health benefits associated with consumption of fresh and
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processed tomatoes. However, carotenoids are not limited to fruits. As light-absorbing
compounds with strong antioxidant capacities, they are crucial for photosynthesis and
interface with the photosynthetic apparati to protect light-sensitive proteins and lipid
membranes (Demmig-Adams et al., 1996). Carotenoid composition of plant tissues can
vary greatly depending on the light environment that the plant is suited for (DemmigAdams and Adams, 1992). So far, well over 600 carotenoids have been identified in the
plant kingdom alone (Gerster, 1997). That said, the diversity that exists among
carotenoids in terms of structure/function makes them particularly interesting to study.

Carotenoids are derived from C5 isoprene units from two pathways: either the
mevalonic acid pathway (cytosolic) or a chloroplastic pathway (Logan et al., 2000) and
there is some evidence of limited cross talk between these two pathways (Hemmerlin et
al., 2003). However, the pathways are distinct and function independently. Eventually,
GGPP (geranylgeranyl pyrophosphate) synthases compile C5 isoprene units into C20
structures. Phytoene synthase, the first step in the carotenoid biosynthesis pathway,
incorporates two GGPP molecules (C20) to create phytoene (C40). This protein is
controlled in part by active phytochrome, so the perception of red light is crucial in the
formation of subsequent carotenoids (Toledo-Ortiz et al., 2010). Additional steps in the
pathway lead to the formation of lycopene, which is the primary carotenoid that
accumulates in tomato fruits. (Ronen et al., 1999; Frusciante et al., 2007). At this point,
the pathway branches into two parts: one that produces the xanthophylls (e.g.
violaxanthin) and another that produces most of the carotenes (e.g. α-carotene).
Importantly, both compounds at the beginning of each branch are carotenes, but there are
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minor differences in the location of a double bond on one of the ionone rings. One branch
ends with lutein while the xanthophylls end with neoxanthin, which can be converted to
the phytohormone abscisic acid by carotenoid cleavage dioxygenases (Nambara and
Marion-Poll, 2005). The xanthophylls are particularly important for photosynthesis as
they represent the constituents of the xanthophyll cycle. In response to high irradiances,
deepoxidation of xanthophyll carotenoids occurs (violaxanthin converting to
antheraxanthin and then to zeaxanthin), which is crucial for nonphotochemical quenching
(Demmig-Adams et al., 1996; Niyogi et al., 1998). While the xanthophyll cycle was
discovered in the late 1950s by Sapozhnikov et al., the Niyogi study provided direct
evidence for the importance of this cycle by exposing Arabidopsis mutants with various
mutations in genes encoding enzymes related to xanthophyll epoxidation and
deepoxidation to high light (2000 µmol·m‒2·s‒1). In terms of tomato fruits, carotenoid
biosynthesis primarily happens during ripening when the chloroplasts transition into
chromoplasts (Fraser et al., 1994). But like many other pathways in plants, this pathway
is heavily influenced by environmental conditions including temperature and light.

Broadly speaking, high temperatures inhibit the biosynthesis of carotenoids in
plants. Temperatures at or above 32°C inhibited the biosynthesis of lycopene in harvested
tomato fruits of several different cultivars (Tomes, 1963). Low temperatures also have a
deleterious effect on carotenogenesis in tomato fruits (Koskitalo and Ormrod, 1972). That
said, many of the temperature regimes used in that experiment are unrealistic for tomato
production (e.g. 2.8°C day, 13.9°C night). Obviously, the effects on carotenoid
accumulation also translated to statistically significant differences in fruit color. Fruit
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temperature in greenhouse-grown cherry tomatoes impacted carotenoids as well as other
antioxidants like Vitamin C in Gautier et al. (2005b). They found that β-carotene was
reduced in heated fruits compared to controls. Lycopene was affected more subtly, but
tended to decrease from heating. Leoni, (1992) recommended that temperatures should
be kept between 12 and 32°C to avoid the deleterious effects of extreme temperatures on
the lycopene content of tomatoes. Helyes et al. (2007) recommended that tomatoes grown
in high-light and warm environments should have their fruit clusters shaded to avoid the
deleterious effects of heating fruit clusters with solar radiation on lycopene biosynthesis.
Toor et al. (2006) grew tomatoes between September and April and collected data on
various phytochemicals each month. They found that lycopene was lowest during
December-February, which were considered summer months as this experiment was
conducted in New Zealand. They hypothesized that better cooling during the summer
months may help increase lycopene content in tomato fruits. Brandt et al. (2003) found
that greenhouse-grown tomatoes had almost twice the lycopene content as field-grown
fruits. This effect is likely due to an interaction between light, temperature, and other
environmental conditions such as soil composition and water availability. Similar trends
were observed by Kuti and Konuru, (2005). Strangely, the opposite trend has also been
observed which creates confusion as to the role that different environmental parameters
play in carotenogenesis (Sahlin et al., 2004). While temperature is critical in determining
the carotenoid content of tomato fruit, light quality and quantity are just as crucial. The
role of specific wavelengths of light crucial for carotenogenesis, such as blue and red, are
discussed in their respective sections of this literature review, but it is worth echoing the
role of UV-B radiation here.
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There is some controversy surrounding UV-B radiation effects on carotenogenesis
as not all plant species respond similarly. In an extensive review by Bassman, (2004),
carotenoid biosynthesis was found to be relatively unaffected by UV-B radiation in many
different plant species. However, other studies have shown that UV-B can positively
affect carotenogenesis. Lazzeri et al. (2012) found that lycopene β-cyclase and lycopene
ɛ-cyclase were down-regulated by UV-B radiation in ‘Moneymaker’ tomatoes. This
caused a “backup” in the carotenoid pathway which resulted in higher levels of lycopene
in fruits grown in the presence of UV-B versus those grown in greenhouses that shielded
incoming UV-B. Other carotenoids such as phytoene and those downstream of lycopene
such as lutein and β-carotene were affected accordingly because of UV-B radiation. This
was confirmed in many ways by Rai et al. (2011) upon finding that UV-B and UV-C
have a profound impact on gene expression of enzymes related to isoprenoid biosynthesis
such as amorpha-4,11-diene synthase, cytochrome P450 oxidoreductase, and 3-hydroxy3-methylglutaryl coenzyme A reductase. Liu et al., (2011b) found that postharvest UV-B
radiation positively influenced lycopene accumulation in tomato fruits. Although the
effect was statistically significant, it probably is not very profound in a biological context
(e.g. 6.8 mg lycopene /100g tissue under 80 kJ·m‒2 compared to 6.07mg/100g under
control conditions). Castagna et al. (2013b) found a similar trend but had much more
profound impacts, particularly in peel tissue, with UV-B radiation on lycopene and βcarotene (increases of 40 and 72%, respectively). Clearly, light has an important but
complex role in carotenogenesis and is in this way linked to human health.
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While carotenoids are not synthesized by humans, they are essential for our wellbeing. For example, the retinal macula has deposits of lutein and zeaxanthin which are
crucial in protecting the retina from photo-damage (Bone et al., 1985). Besides their
direct disease-preventative actions, carotenoids are excellent antioxidants and many
studies were reported in regards to cardiovascular health and cancer prevention in
reviews by Ciccone et al. (2013) and González-Vallinas et al. (2013). Normally, the vast
majority of carotenoids found in plant tissues are in the all-trans figuration (Chandler and
Schwartz, 1987). In the case of lycopene, the cis form is more commonly found in human
tissues because it is far more bioavailable than the trans form (Clinton et al., 1996;
Cooperstone et al., 2015). Additionally, trans-lycopene can be converted to cis-lycopene
to a limited extent from light, heat, oxygen, and from acidification during digestion
(Boileau et al., 2002). Although all of the common plant carotenoids can be found in
tomato fruits, the most abundant are lycopene (80-90%) and β-carotene (7-10%)
(Frusciante et al., 2007).

Lycopene is effective at scavenging free radicals and ameliorating the deleterious
effects of oxidative stress (Friedman, 2013). Reactive oxygen species as well as reactive
nitrogen species increase the rate of lipid peroxidation in the human body. This results in
the evolution of toxic byproducts that damage proteins and DNA (Halliwell and Chirico,
1993). This can result in many non-communicable diseases such as various cancers,
atherosclerosis, autoimmune disorders, cataracts, rheumatoid arthritis, and
neurodegenerative as well as cardiovascular diseases (Raiola et al., 2014). It has been
demonstrated in adipose tissue that lycopene is a potent inhibitor of cytokines and
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chemokines, which could have implications in preventing complications associated with
obesity like insulin resistance (Gouranton et al., 2011). Lycopene was found to act
synergistically with 1,25-dihydroxyvitamin D3 in reducing the rate of cell differentiation,
which explains one possible mechanism for lycopene’s negative effects on cancer
progression (Amir et al., 1999). In the past, lycopene was extolled for its alleged role in
preventing prostate cancer. Many scientists have shown that these conclusions are
somewhat flawed due to inconsistencies between study conditions and screening
techniques (Wei and Giovannucci, 2012).

β-carotene is most well-known because of its provitamin-A activity. Like
lycopene, β-carotene is an excellent antioxidant in addition to its biological roles in vivo.
β-carotene is converted to retinol in humans where it can then contribute to human vision.
The conversion of β-carotene to retinol has been shown to be greatly enhanced by lipids
(Kopec et al., 2014). In this study, patients were served a meal with or without avocados
(Persea americana). They found that the inclusion of avocados increased β-carotene
absorption by 2.4-6.6 fold depending on the source of β-carotene (tomatoes and carrots,
respectively). β-carotene in conjunction with α-tocopherol (Vitamin E) supplements were
found to synergistically protect human skin from damaging qualities of light, such as UVB, found in the solar spectrum (Stahl et al., 2000). This effect was also observed using
more common food matrixes like tomato paste (Stahl et al., 2001). Using a rabbit model,
Shaish et al. (1995) fed them a high-cholesterol diet that was supplemented with 1%
probucol, 0.01% α-tocopherol, 0.01% trans β-carotene, or 0.01% 9-cis β-carotene. They
found that the trans β-carotene treatments inhibit atherosclerosis. However, they were
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unable to detect β-carotene in low-density lipoproteins, so the mechanism of β-carotene’s
actions was difficult to predict in this case.

There is a clear need for carotenoids in the human diet in order to maintain
normal functions such as vision and to prevent some of the non-communicable diseases
mentioned earlier. Plant sources are the main route by which carotenoids enter the human
body, and biofortified crops are desperately needed in some parts of the world. The
examples above illustrated that besides breeding, environmental control through either
temperature, light, or other factors can greatly influence the carotenoid profile of plant
tissues. It should be noted that a balance between carotenogenesis and normal plant
growth and development needs to be maintained if biofortification of a crop is to be
realistic. Overproduction of carotenoids can lead to undesirable phenotypes such as
dwarfism caused by a depletion of GGPP pools needed for the biosynthesis of
gibberellins (Sun and Kamiya, 1994; Giliberto et al., 2005). That said, scientists have a
breadth of tools available to enhance the carotenoid profile of nutritionally and
economically important crops.

Phenolic Acids and Flavonoids
Although found in much lower concentrations than some other hydrophilic
antioxidant species in tomatoes, phenolic acids and flavonoids represent a diverse group
of phytochemicals that have implications for human health and well-being. These
compounds are produced in plants for a variety of reasons that include the absorption of
potentially harmful light, the production of lignin for plant defense and overall sturdiness,
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defense against herbivores and pathogens, and pigmentation (Li et al., 1993; Kotilainen et
al., 2010; Li et al., 2010). These compounds are derived from the phenylpropanoid
pathway, which is ultimately sourced from the shikimate pathway (Vogt, 2010; Fraser
and Chapple, 2011). The shikimate pathway is responsible for the biosynthesis of
tyrosine, tryptophan, and phenylalanine; the latter being the precursor for many
nutritionally relevant phytochemicals as well as VOCs important for flavor. Among the
diverse chemical products created from these pathways are the phenolic acids which can
be divided into either hydroxybenzoic or hydroxycinnamic acids (Raiola et al., 2014). In
tomato, some of the most common phenolic acids are chlorogenic, caffeic, p-coumaric,
and ferulic acid (Luthria et al., 2006). These compounds can lend an astringent taste to
foods, serve as antioxidants, and in some cases can have antitumor activity in humans
(Silva et al., 2000; Rajendra Prasad et al., 2011; Raiola et al., 2014). However, a more
prominent group of phenolic compounds in the context of tomatoes is the flavonoids.

According to Martens et al., (2010) more than 10,000 flavonoids have been
identified, and this number is constantly increasing. Flavonoids are defined structurally as
C6-C3-C6 with two aromatic rings conjugated by three carbons. Given their structure and
inclusion of multiple hydroxyl groups, flavonoids are excellent hydrogen and electron
donors (Levin et al., 2006). Additionally, their structure allows for a large amount of
variation through hydroxyl, methoxyl, and O-glycoside moieties, and is why, in part, over
4000 species of flavonoids can be found in plants (Hodek et al., 2002; Chahar et al.,
2011). In addition to their role as antioxidants and as a sunscreen for plants, flavonoids
such as quercetin and kaempferol have been shown to directly interfere with polar auxin
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transport and ultimately stunt plant growth when present in high concentrations (Besseau
et al., 2007; Li et al., 2010). Flavonoids are produced when phenylalanine is converted to
cinnamate by phenylalnine ammonia lyase. From there, it is converted to p-coumaroyl
CoA. Through the action of chalcone synthase, the first committed step in the flavonoid
biosynthesis pathway, p-coumaroyl CoA and malonyl CoA are formed into naringenin
chalcone (aka chalconaringenin). After several steps, the pathway ends with either
quercetin-3-O-rutinoside or kaempferol-3-rutinoside in tomato fruits with the rutinose
moiety added by a glycosyltransferase (Falcone Ferreyra et al., 2012). In other plants,
anthocyanins can be produced from dihydrokaempferol which is part way through the
pathway. However, most tomatoes do not have the enzymatic machinery available to
produce significant amounts of anthocyanins.

Tomato fruits primarily contain naringenin chalcone, quercetin-3-O-rutinoside
(rutin), and to a lesser degree, kaempferol-3-O-rutinoside, localized mainly in fruit peels
(Muir et al., 2001; Le Gall et al., 2003; Giuntini et al., 2008; Slimestad et al., 2008). More
specifically, these compounds are chalcones (naringenin chalcone) and flavonols
(quercetin-3-O-rutinoside and kaempferol-3-O-rutinoside), respectively. However, the
prominence of certain flavonoids varies greatly with respect to cultivar and environment.
Most flavonoids produced by plants are located in the upper epidermal tissues of leaves
and are bound to various sugar moieties (Stewart et al., 2000). These compounds are
attractive targets for either environmental or genetic improvement because of their array
of health benefits.
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Simple changes to diet and lifestyle (moderate exercise and the inclusion of plantbased foods) can have profound impacts on disease progression through direct changes to
the gene expression (Ornish et al., 2008). In particular, flavonoids have been shown to
positively influence memory through direct interaction with target sites in the brain
(Spencer, 2009a). Furthermore, flavonoids have been posited to influence the survival of
nervous cell tissue by delaying or preventing apoptosis as well as influencing blood flow
and eventually the proliferation of new nerve cells in the hippocampus (Spencer, 2009b).
In terms of their anti-cancer activity, Chahar et al., (2011) wrote a thorough review on the
different classes of flavonoids and their cancer chemo-preventive effects on various
cancers in different cell lines. Flavonoids have been shown to reduce coronary artery
disease by slowing the oxidation of LDL cholesterol and inhibiting plaque formation
(Naderi et al., 2003). The role flavonoids play in cardiovascular health is well reviewed
in (De Pascual-Teresa et al., 2010; Peterson et al., 2012). Rutin, a prominent flavonol in
tomatoes, is associated with reducing the severity of arthritis through a reduction in tumor
necrosis factor-alpha, interleukin 1 and 6 (Kauss et al., 2008; Raiola et al., 2014).
Lowered cytokines in a rat model used by these researchers supported this finding.
Lastly, a variety of flavonoids have been associated with reducing intestinal inflammation
and their biological activity is largely due to structural motifs that determine their
bioavailability and functionality (González et al., 2011). The amounts of these healthpromoting flavonoids present in plant tissues can be a direct reflection of their growing
environment.
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While the induction of flavonoid biosynthesis has been reported in multiple
photosensory systems, the most archetypal responses are from either blue/UV-A light or
UV-B radiation. In mustard seedlings (Sinapis alba) Beggs et al., (1987) found that
anthocyanin accumulation was induced by far-red light, which drives phytochrome into
its inactive state (Pr). Conversely, quercetin was induced by red light, which produces
active phytochrome (Pfr). In parsley (Petroselinum hotense) cell cultures, a Pfr/Ptot ratio of
20% was found to be optimal for saturating phytochrome-dependent flavonoid synthesis
(Duell-Pfaff and Wellmann, 1982). This group also showed that blue light had a greater
response than red or far-red light. They concluded that the blue light receptor in plants
(unknown at this time) requires the presence of Pfr, which has been echoed by (Oelmüller
and Mohr, 1985). Part of the reported differences between field and greenhouse-grown
tomatoes is the difference in light spectrum. The absence of UV-B radiation in
greenhouses is the most apparent reason for field-grown tomato fruits to have higher
levels of flavonoids than their greenhouse-grown counterparts (Davies et al., 1981).

As mentioned previously, chalcone synthase is the first committed step in the
flavonoid biosynthesis pathway. UV-A/blue light were shown to directly induce CHS
expression through the action of CRY1 (Christie and Jenkins, 1996). The transcription
factor HY5, which is crucial in red, blue, and UV-B signaling, binds to the minimal
promoter for CHS1 (Ang et al., 1998). Accordingly, CHS expression levels can be
greatly influenced by both UV-A and UV-B. When plants are irradiated with both forms
of UV concurrently, there is a synergistic effect, likely due to the combined effects of
independent signaling pathways (Fuglevand et al., 1996). Additionally, MYB

76
transcription factors positively or negatively regulate the expression of genes encoding
enzymes in the flavonoid biosynthesis pathway (Zoratti et al., 2014). To regulate these
genes, MYB transcription factors interact with basic helix-loop-helix (bHLH) and
WD40-repeat proteins to form a protein complex, but more research is needed to fully
understand the signaling networks that the MYB-bHLH-WD40 complex are involved in
(Falcone Ferreyra et al., 2012; Jaakola, 2013). Additionally, there is involvement with the
E3 ubiquitin ligase COP1, which negatively regulates the expression of flavonoid
biosynthesis genes by targeting MYB transcription factors for degradation (Li et al.,
2012). COP1 is involved with cryptochrome, phytochrome, and UVR8 signal
transduction, which demonstrates how tightly woven these distinct processes are. While
tomato fruits have an abundance of hydrophilic antioxidants (e.g., carotenoids), phenolic
compounds are relatively scarce and the possibility of using light to increase the
concentration of these health-promoting compounds is both realistic and exciting.

Ascorbic Acid
Ascorbic acid, known commonly as “Vitamin C”, is produced in plants for a
variety of reasons. Namely, it serves as an antioxidant, an enzyme cofactor, an electron
transporter, and a precursor for oxalate and tartrate biosynthesis (Smirnoff, 1996;
Giovannoni, 2007). Ascorbic acid exists in two oxidation states: ascorbic acid or
dehydroascorbic acid, which are the reduced and oxidized forms, respectively (Chebrolu
et al., 2012). Perhaps most important is its central role in photosynthesis, where it can be
found in plant chloroplasts at 20-300 mM concentrations (Smirnoff, 2000). There, it
participates directly in the xanthophyll cycle as a cofactor for violaxanthin deepoxidase
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(Neubauer and Yamamoto, 1992; Neubauer and Yamamoto, 1994; Grouneva et al.,
2006). Arabidopsis mutants unable to biosynthesize ascorbate were found to be highly
sensitive to ozone, sulfur dioxide, and UV-B radiation, implicating ascorbate as a
multifaceted coping mechanism for a variety of oxidative conditions (Conklin et al.,
1996; Smirnoff, 2000). After a certain ripeness point in tomato fruits, ascorbic acid
content deteriorates due to the action of ascorbate oxidase (Yahia et al., 2001).

There are at least three separate pathways that produce ascorbic acid in plants: A
myo-inositol-derived pathway (Lorence et al., 2004), a D-galacturonic acid derived
pathway (Agius et al., 2003), and the prominent L-galactose derived pathway (Laing et
al., 2007). Because of this, fully characterizing ascorbic acid biosynthesis has been
difficult and remains incomplete (Giovannoni, 2007). The Laing et al. (2007) study was
particularly important in that it uncovered the final gene that was required for the Lgalactose pathway. While more work needs to be done to fully understand the ascorbic
acid biosynthesis in plants, its role in human health is apparent.

Ascorbic acid is a necessary component of the human diet because the last gene in
the L-galactose pathway is inactive (Laing et al., 2007). As such, humans must rely on
fruits and vegetables as a source for this vitamin. As ascorbic acid functions as an
electron donor and antioxidant in plants, so it does in humans. Without sufficient
consumption of ascorbic acid, humans develop scurvy which manifests itself as dry skin,
open sores, tiredness, reduced wound healing, and depression (Naidu, 2003). In a
comprehensive review by Block, (1991), 46 studies investigating the impact of ascorbic
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acid on preventing cancer were surveyed. 33 of the studies reviewed found a protective
effect against esophageal, laryngeal, oral, and pancreatic cancer. This effect is
hypothesized to be due to ascorbic acid neutralizing free radicals prior to their interaction
with DNA (Block, 1991; Frei, 1994). However, there is controversy around these claims
that the evidence provided in the literature is not sufficient (Coulter et al., 2006).
Interestingly, it was also proposed that there may be a synergistic effect between ascorbic
acid and carotenoids like lycopene and β-carotene (Riso et al., 2004). This was echoed by
Jacob et al. (2008), where subjects consumed tomato juice with or without ascorbic acid.
Participants who consumed tomato juice had lower cholesterol and those who consumed
tomato juice with ascorbic acid had an even lower risk for cardio vascular disease. While
the importance of ascorbic acid in the human diet has been well established, it is
important to understand that ascorbic acid pools in plant tissues are governed in part by
environmental conditions.

At high temperatures, there is a degradation of ascorbic acid (Gautier et al.,
2005b; Torres et al., 2006; Gautier et al., 2008). Between 21 and 26 °C, there is not a
noticeable effect on ascorbate concentrations, but when transitioning from 27 to 32 °C,
there is a profound decline in ascorbate as well as many carotenoids. (Gautier et al.,
2008). Torres el al. (2006) also found that reduced ascorbate decreased in immature green
fruit tissue as a function of exposure duration to the sun. After 2.5 hours, dehydroascorbic
acid increased proportional to the reduction in ascorbic acid, indicating a delay in
compensatory metabolism of ascorbic acid. After 5 hours, there was a decline in both
ascorbic and dehydroascorbic acid (30 and 20%, respectively), indicating a decrease in
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the total ascorbate pool within the tissues. Gautier et al. (2009) designed an experiment
separating the individual effects of irradiance on fruits and leaves on fruit ascorbate
content and found that direct irradiation of the fruits was primarily responsible for the
light-induced production of ascorbic acid in tomato fruits. Crucially, they found that in
shaded fruits from plants with irradiated leaves, sugars within shaded fruits were the
same as irradiated fruits, so sugar was not deemed a limiting factor in ascorbic acid
biosynthesis. Additionally, fruit irradiance was determined to be a critical factor in the
accumulation of ascorbic acid in tomato fruits. In a study performed by Li and Kubota
(2009), lettuce were grown under fluorescent lights with or without UV-A, blue, green,
red, or far-red LEDs. Surprisingly, none of these treatments influenced ascorbic acid
significantly. Gautier et al. (2005a) used transparent films to let only certain wavelengths
of light irradiate tomato fruit clusters. They found that ascorbic acid was only influenced
by infrared light, and by extension, the temperature of the fruit clusters. In a study by
Massot et al. (2011) the accumulation of ascorbic acid content was more strongly
influenced by light in leaf tissues than fruit tissues and this was echoed by the same trend
in transcript abundance of genes encoding enzymes related to ascorbic acid biosynthesis.
The seemingly modest role that light has on ascorbic acid in these studies is likely due to
the quality of light used. In the case of UV-B, one tomato cultivar was found to positively
respond to UV-B radiation in terms of increasing the production of ascorbic acid,
whereas the other two responded oppositely (Giuntini et al., 2005). This and many other
examples highlight the complexity of ascorbic acid biosynthesis in plants in terms of
environmental conditions, genetics, and interaction between the two.
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Objectives
At this point, it has been made abundantly clear that light is a major driver of both
primary and secondary metabolism in plants. Light can be used as a sustainable, noncontroversial, and non-chemical treatment to influence produce quality by increasing
beneficial phytochemicals and enhancing flavor. It is my objective to leverage the
knowledge outlined above to improve the phytochemical profile and/or flavor of
greenhouse grown tomatoes using a variety of different wavelengths ranging from UV-C
to far-red. Using a comprehensive battery of physicochemical testing, we will profile
major phytochemical groups and quantify the effects of specific light treatments on these
attributes. Additionally, the use of consumer sensory panels will allow us to gauge
whether physicochemical differences in fruits translate to changes in the perception of
tomato quality. It is my goal to find unique methods to environmentally improve
greenhouse grown tomatoes to benefit growers and consumers, alike
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CHAPTER 2: USING SUPPLEMENTAL ULTRAVIOLET RADIATION TO
ENHANCE THE SENSORY AND PHYTOCHEMICAL PROFILE OF
GREENHOUSE-GROWN TOMATOES
Abstract
Fruits harvested from off-season greenhouse tomato plants tend to be mealy,
nutritionally mediocre, and bland. By contrast, tomatoes of the same varieties grown
outdoors in the summer tend to have a reputation of superior fruit flavor and nutritional
quality. Still, varieties that produce excellent fruit outdoors can yield mediocre fruit when
grown in greenhouses. Therefore, environmental factors may be a critical mediator of
fruit quality rather than genetics, per se. Presently, there is a gap in knowledge with
regard to the role of UV-B radiation (280 – 315 nm) in determining greenhouse tomato
quality. Knowing that UV-B is a powerful elicitor of secondary metabolism and not
transmitted through glass and some greenhouse plastics, we hypothesize that UV-B
supplemental radiation will impart quality attributes typically associated only with
‘garden-grown’ tomatoes onto greenhouse tomatoes. To test this hypothesis, greenhouse
tomatoes supplemented with ecologically relevant doses of UV-A+B radiation were
compared to those supplemented with UV-A (320 – 400 nm) only and unsupplemented
controls. All treatments were compared to outdoor-grown fruits that served as a
benchmark for “garden-grown” quality. Fruits were analyzed for basic physicochemical
attributes (total soluble solids, citric/ascorbic acid content, pH, and electrical
conductivity). Phenolic compounds were quantified using the Folin-Ciocalteu method
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and further examined with targeted metabolite profiling using HPLC-ESI(-)-MS. An
organoleptic sensory panel complemented this study by determining the sensory
relevance of various chemical differences. Our studies revealed that in a production
setting, UV-B had only a minor role in affecting secondary metabolism. Few attributes
measured were changed by UV-B. However, changes in the aroma and overall approval
of tomatoes grown with UV-A and UV-A+B supplementation offers a compelling
opportunity to environmentally enhance greenhouse-grown tomato flavor.

Introduction
Tomato (Solanum lycopersicum) fruits were at one time revered for their pleasant
flavor and eaten much in the same way as apples or peaches (Bennett, 2012).
Unfortunately, modern tomatoes fall short of those distant memories, partly due to breeding
programs during the late 20th century. During that period, tomato breeding focused
primarily on plant performance and yield while neglecting flavor and, to some extent,
nutritional quality (Davis, 2009; Klee and Tieman, 2013). Consumer outrage catalyzed
some of the early efforts to enhance tomato flavor through breeding (Stevens et al., 1977;
1979), but with only limited success. While genetics provide a foundation for good flavor
and nutritional quality, environmental conditions ultimately dictate final quality. Harvest
and postharvest practices, such as mechanical harvesting at the mature-green stage,
ripening in storage or transit with exogenous ethylene gas, refrigeration, and bruising that
occurs as a result of complex shipping and handling networks, all negatively influence
tomato quality (Kader et al., 1977; Buttery et al., 1987; Maul et al., 2000; Moretti et al.,
2002). Within the United States, tomatoes travel at least 2,300 km before reaching
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consumers in northern states, which accounts for many issues associated with their quality
(Pirog and Van Pelt, 2002). Local greenhouse production is one way to reduce shipping
distances for consumers by allowing for off-season production and more local sources of
produce. Within the US, about 40% of tomatoes are grown in greenhouses (USDA-ERS,
2012). However, off-season greenhouse tomatoes also have a poor reputation relative to
their in-season, field grown counterparts (Munoz et al., 2008). This is in part due to
greenhouse growing environments being vastly different than field conditions. Within a
well-managed greenhouse, there is little to no stress from insects, pathogens, or
inconsistent water availability. Interestingly, the light environment within a greenhouse is
profoundly different than outdoors. One noteworthy difference is the lack of ultraviolet-B
(UV-B; 280-315 nm) in glass-glazed greenhouses as well as polyhouses with UVabsorbing films (Aphalo, 2012).

While UV-B only comprises a small fraction of solar radiation that reaches the
Earth’s surface, UV-B is a powerful elicitor of metabolic responses in plants as a reaction
to oxidative stress (Bassman, 2004). These responses are normally mediated by the
photoreceptor protein UV RESISTANCE LOCUS 8 (UVR8) and through its interaction with
the E3 ubiquitin ligase CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1), the bZIP
transcription factors ELONGATED HYPOCOTYL 5 (HY5), its homolog HYH, and other
proteins (Brown and Jenkins, 2008; Favory et al., 2009; Rizzini et al., 2011). While the
exact function of each component of the UV-B signal transduction cascade is not fully
understood, UV-B is known to influence both primary and secondary metabolism in plants.
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For example, ascorbic acid (Vitamin C) has been shown to increase in response to
UV-B in some tomato cultivars, but decrease or stay the same in others (Giuntini et al.,
2005). Still, UV-B may be more promising than photosynthetically active radiation (PAR;
400-700 nm) in terms of improving tomato fruit vitamin C content (Gautier et al., 2005a,
2009). It was also found that tomato fruits irradiated with PAR generated more ascorbic
acid than shaded fruits indicating direct fruit perception of light (Gautier et al., 2009).

UV-B can also induce the production of phenolic compounds, such as flavonoids,
which interfere with the performance and fecundity of a broad range of insect and fungal
species (Paul et al., 2005; Vanninen et al., 2012). In addition to their antioxidant capacity,
many of these compounds have numerous beneficial effects on human health. Flavonoids
have been shown to reduce coronary artery disease (Naderi et al., 2003), reduce intestinal
inflammation (González et al., 2011), reduce the severity of arthritis (Kauss et al., 2008;
Raiola et al., 2014), and improve the survival of nervous tissue in the brain (Spencer,
2009b). Tomato fruits, and primarily tomato peels, contain the flavonoids naringenin
chalcone, quercetin-3-O-rutinoside (rutin), and kaempferol-3-O-rutinoside (Muir et al.,
2001; Le Gall et al., 2003; Giuntini et al., 2008; Slimestad et al., 2008). While tomatoes do
not produce phenolic compounds in the same abundance as other important phytochemical
classes such as carotenoids, their role in preventing and/or ameliorating non-communicable
diseases is becoming more apparent. That said, there is a potential to increase the
concentration of flavonoids as well as carotenoids in tomato fruits using UV-B.
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Carotenoids are important for human health, in part because of their ability to
scavenge free radicals and ameliorate some effects of oxidative stress (Friedman, 2013).
These compounds have been shown to positively affect cardiovascular health and have
chemo-preventive properties (Ciccone et al., 2013; González-Vallinas et al., 2013). βcarotene is best known for its pro-vitamin A activity; being converted into retinol within
the human body and essential for vision. Lycopene has been shown to interfere with
signaling pathways in adipose tissue that lead to insulin resistance in obese humans
(Gouranton et al., 2011). In tomato fruits, 80-90% of total carotenoid content is lycopene
and 7-10% is β-carotene (Frusciante et al., 2007), so these compounds are excellent targets
for increasing the nutritive value of tomatoes. UV-B radiation has been shown to enhance
the accumulation of lycopene in tomatoes grown in greenhouses that allow for UV-B
penetration (Lazzeri et al., 2012). Even in post-harvest settings where fruits are detached
from the plant, UV-B positively affected the accumulation of lycopene (Liu et al., 2011b;
Castagna et al., 2013b). This implies that UV-B signal transduction systems are functional
in fruits independent of leaf tissues.

Studies investigating the role of UV-B in greenhouse tomato fruit quality are sparse
and have been limited to the use of cladding materials that are either transparent or opaque
to incident UV-B radiation (Giuntini et al., 2005; Luthria et al., 2006; Giuntini et al., 2008;
Calvenzani et al., 2010). However, in low-light winters in northern latitudes, solar UV-B
levels would be proportionally low with solar PAR, so any benefits of UV-B transparent
cladding materials would be minimized in the off-season. Therefore, it was the objective
of this study to determine if supplemental UV-B radiation from UV-B-emitting light
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sources could enhance the phytochemical profile and sensory quality of greenhouse-grown
tomatoes and yield tomatoes that were nutritionally and organoleptically similar to garden
grown tomatoes. To test this hypothesis, we supplemented tomatoes grown in a glassglazed greenhouse opaque to UV-B with various doses and qualities of UV radiation,
including doses calculated to be equivalent to a summer’s day, and compared them to
unsupplemented plants as well as the same varieties grown outdoors during the summer to
establish “garden-grown” quality benchmarks. Since UV-B has been shown to affect both
carotenoids and flavonoids, UV-B has the potential to modulate the production and
emission of carotenoid and phenylalanine-derived volatile organic compounds (VOCs) that
are critical for tomato flavor (Tieman et al., 2006a, 2012), because many VOCs are derived
from similar pathways as flavonoids and carotenoids. Consequently, we combined
consumer sensory panels with physicochemical analyses in order to better understand how
manipulating the phytochemical profile of tomatoes might affect flavor.

Materials and Methods
Experiment 1
Plant materials and growing conditions. ‘Komeett’ tomato seeds (courtesy of De
Ruiter Seeds, Columbus, OH) were sown into Agrifoam soil-less plug strips
(SteadyGROWpro; Syndicate Sales, Kokomo, IN) in mid Janurary, 2014. Seedlings were
moved into a grow room and received 180 μmol·m‒2·s‒1 of PAR for 16 hours each day with
a 21/17 °C day/night temperature. Seedlings were fertigated as needed with an acidified
fertilizer solution that contained a 3:1 mixture of 15N-2.2P-12.5K and 21N-2.2P-16.6K,
respectively, providing 200 N-NO3, 26 P, 163 K, 50 Ca, 20 Mg, and micronutrients (mg·L‒
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1

; The Scotts Co., Marysville, OH). After 3 weeks, seedlings were transferred into 10.2 x

10.2 cm pots with Faffard 52 grow mix (Sun Gro Horticulture, Agawam, MA). Plants were
then moved into a glass-glazed greenhouse in West Lafayette, IN (lat. 40°N, long. 86°W;
USDA hardiness zone 5b), and fertigation continued as needed. After an additional 3
weeks, plants were repotted into 22.7 L pots with additional Faffard 52 grow mix (Sun Gro,
Horticulture, Agawam, MA). A metal cage was installed for support and plants were
trained to two heads. Fertigation was applied using the same fertilizer mix as described
above and supplied using pressure-compensated drippers. Irrigation intervals and
frequencies were adjusted based on the developmental stage of the plant. Plants were
allowed to acclimate to the 22.7 L pots for 2 weeks prior to ultraviolet (UV) radiation
treatments. The greenhouse was maintained at 25 °C and 15 °C day/night temperatures and
the experiment lasted approximately five months.

Greenhouse setup. The greenhouse was split into three blocks running East-West
using double-layered 6-mil (0.152 cm) white polyethylene plastic curtains to separate
treatments that were 1.5 m in height. Supplemental light was provided with overhead highpressure sodium (HPS) lamps (PL3000; PL Lighting Systems, Beamsville, Ontario,
Canada). Duration of overhead HPS supplementation was determined by making a
lightmap (at night) of the greenhouse prior to the experiment using a spherical quantum
sensor (LI-250A; LI-COR, Lincoln, NE). Supplemental DLI was calculated monthly based
on data collected by Korczynski et al. (2002) and adjusted for a 50% loss of light intensity
due to greenhouse glass and infrastructure with a target DLI of 25 mol·m‒2·d‒1.
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Ultraviolet (UV) radiation treatments. Supplemental UV radiation began 8 weeks
after sowing and was provided by Q-Panel UVB-313 bulbs (Q-Lab Corporation, Westlake,
OH) installed in Ultitech 40W T12 Fixtures. Light fixtures were mounted on custom-built
structures allowing for three supplemented plants per structure and one unsupplemented
control. Within each greenhouse block, three mounting towers were installed, four plants
were placed around each tower, and treatments were randomly assigned to each plant.
Lamps were energized for 96 hours prior to the start of the experiment to overcome the
initial drop in intensity inherent with fluorescent bulbs (Adamse and Britz, 1992). Lamps
were covered with neutral-density, 4-ply cheese cloth to attenuate intensity to desired
levels. UV fixtures were then covered with either 5-mil (0.013 cm) cellulose acetate film
(Graffix Plastics, Cleveland, OH) to transmit both UV-A and UV-B radiation or 5-mil
Mylar® film (TAP Plastics, Stockton, CA) to filter light below 315 nm to separate UV-A
and UV-B effects. Plants were placed 56 cm from the lamps and received a daily dose of
3.02 kJ·m-2·day-1 or 1.08 kJ·m-2·day-1 using the Flint-Caldwell biological spectral
weighting function (Flint and Caldwell, 2003; normalized to 1 at 300 nm) for the
Broadband UV and UV-A treatments, respectively. The total fluence of UV-B for each
treatment was 1.02x104 µmol·m–2 and 6.36 x101 µmol·m–2 for Broadband UV and UV-A
treatments, respectively. Additionally, it was found that a fluence of 1.08 x 102 µmol·m–2
for light from 250 to 280 nm was emitted from the Broadband UV treatment fixtures due
to the cellulose acetate being of a non-standard formulation that was not opaque to light
below 280 nm. Light treatments were measured using a StellarNet BLACK-Comet UVVIS Spectrometer (Model C; StellarNet Inc., Tampa, FL). Lamps were operated for 4 hours
per day (10:00h – 14:00h) and plants were rotated 90° clockwise each morning to expose
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each surface of the plant to the supplemental UV. Plastic filters were changed every 52
hours of lamp operation due to degradation. Spectra of the ambient greenhouse conditions
as well as the two supplemental UV treatments can be found in figures 2.1 and 2.2.

Air temperature and relative humidity were monitored throughout the experimental
period using Priva environmental monitoring stations (Priva, De Lier, Netherlands) located
in the center of the greenhouse. Additionally, outdoor PAR was measured and logged.
These data can be found in figures 2.4, and 2.5.

Chemical Reagents. Kaempferol-3-O-rutinoside and quercetin-3-O-rutinoside
standards were obtained from ChromaDex (ChromaDex, Irvine, CA). Metaphosphoric acid
crystals were purchased from Flinn Scientific (Flinn Scientific Inc., Batavia, IL). Acetic
acid (≥ 99%), ascorbic acid (≥ 99%), chloroform:isoamyl alcohol (24:1; molecular biology
grade), 2,6-dichloroindophenol (≥97%), ethylenediaminetetraacetic acid disodium salt
(EDTA; 98.4-101.6%), Folin-Ciocalteu phenol reagent (2N), formic acid (≥ 95%), gallic
acid (97.5-102.5%), phenol solution (molecular biology grade), 0.1N sodium hydroxide
solution, sodium bicarbonate (≥ 99.5%), and sodium carbonate (≥ 99.5%), were purchased
from Sigma-Aldrich (Sigma-Aldrich Co., St. Louis, MO). Acetone (≥ 99.5%), acetonitrile
(LC-MS grade), ethanol (95%), hexanes (≥ 95%), sodium acetate (≥ 99 %; anhydrous) and
water (LC-MS grade) were purchased from VWR International (VWR International,
Radnor, PA).
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Tissue collection and processing. Tomato fruit clusters with Stage 5 fruits (>60%
of fruit is red) (USDA Tomato Ripeness Classification) from three plants within each
treatment rep within each block (nine plants total per treatment) were harvested, weighed,
and allowed to ripen to Stage 6 (>90% red) at room temperature (~23 °C) to simulate how
a consumer would ripen store-purchased tomato fruit clusters at home before use. Fruitcolor attributes were analyzed using a CR-300 colorimeter (Konica Minolta, Ramsey, NJ)
to ensure homogeneity of visual ripeness as well as to quantify potential differences in fruit
color from different light treatments. Individual fruits were weighed, placed into plastic
freezer bags, and moved to a -20 °C freezer until further analysis. For tissue processing,
tomato fruit bags were removed from the -20 °C freezer and thawed slowly in a shallow
bath of tepid water. Fruits were placed into a Hamilton Beach Single Serve Blender
(51101B; Hamilton Beach Inc., Glen Allen, VA) and a flow of nitrogen gas replaced the
atmospheric headspace for approximately 30 seconds. The fruits were blended under a
continuous stream of nitrogen gas and the resulting puree was divided into separate tubes
for various downstream applications. The headspace in all tubes was replaced with nitrogen
gas before the tubes were placed into a 20°C freezer for storage. Each sample was an
aggregate of three fruits and all harvests took place within 3 weeks in mid to late May,
2014.

Basic physicochemical (PC) analyses. Frozen samples of tomato homogenate were
thawed at room temperature, re-homogenized with gentle shaking, and strained through
Miracloth® (22-25 µm pore size; EMD Millipore, Billerica, MA). Fruit serum Brix was
determined with a hand-held digital refractometer (PAL-1; Atago U.S.A., Bellevue, WA).
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5 mL of the serum was diluted into 50 mL of deionized water and tested for pH and EC
using a Hanna Instruments pH/EC meter (9813-6; Hanna Instruments, Woonsocket, RI).
Citric acid equivalents were found by titrating 0.1 M sodium hydroxide solution (Sigma
Aldrich, St. Louis, MO) into the sample until pH 8.1 (Lees, 1968). Ascorbic acid
concentration was determined according to (Nielsen, 2010). Briefly, 2 mL of tomato serum
was added to 5 mL of metaphosphoric acid-acetic acid solution. This mixture was titrated
using the 2,6-dichloroindophenol dye solution until a light-pink color persisted for more
than 5 seconds. The reagents used were recalibrated against a standard of ascorbic acid (1
mg/ml) prior to collecting data to take into account the change in titer as reagents aged. All
reagents used were kept in amber bottles, stored inside a lab refrigerator (4 °C), and were
kept for no longer than 2 months.

Carotenoid extraction and quantification. Carotenoids were analyzed with a
spectrophotometer (Shimadzu UV160U; Shimadzu Corp., Kyoto, Japan) according to
Nagata and Yamashita (1992). In near darkness (≤ 1μmol·m‒2·s‒1), 1 g (± 0.01 g) of tomato
puree was extracted with 20 mL of 4:6 acetone: hexane and homogenized for 90 seconds
at 12,000 rpm using a T-25 digital Ultra-Turrax® homogenizer (Ika, Staufen, Germany).
Samples were kept on ice and the headspace was replaced with nitrogen gas in all steps.
Absorbances of the organic phase were recorded at 663, 645, 505, and 453 nm. Lycopene
(mg/100mL extract) was calculated with the equation -0.0458 A663 + 0.204 A645 + 0.372
A505 – 0.0806 A453 and β-carotene (mg/100mL extract) was calculated with the equation
0.216 A663 – 1.22 A645 – 0.304 A505 + 0.452 A453. Values were converted into mg/g FW.
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Furthermore, mg/g DW was estimated using a FW to DW conversion factor calculated
from lyophilized tissue

Total phenolics. Tomato fruit purees were thawed and poured into pre-weighed
petri dishes. Fresh weight was recorded and the samples were immediately transferred to
a -70 °C freezer. The frozen petri dishes were then transferred to a lyophilizer (VirTis
Genesis 25 L; SP Scientific, Warminster, PA). After a run time of 52 hours, the samples
were re-weighed to determine dry mass and sample water content. Samples were
immediately transferred to 15 mL tubes, had the remaining headspace replaced with
nitrogen gas, and stored in a -70 °C freezer until future analysis. Total phenolics were
analyzed according to Luthria et al. (2006) with some modification. 200 mg (± 5 mg) of
lyophilized tomato fruit tissue was placed into a 15 mL tube and extracted with 5 mL of
80% methanol. The tubes were briefly vortexed and then sonicated for 30 minutes. Ice
was added to the sonicator water bath to maintain ambient temperature during operation.
Samples were then centrifuged at 4,031 x g at 4 °C for 5 minutes. The supernatants were
collected in separate tubes and the sample pellet was re-extracted with the same protocol.
All samples were kept on ice within a dark refrigerator whenever possible, and the tube
headspace was replaced with nitrogen gas at each step where solvent was added or
removed. The supernatants were pooled together and analyzed for total phenolics using
the Folin-Ciocalteu method according to Külen et al. (2013). In a 1.5-mL tube, 10 uL of
sample was mixed with 790 uL of double-distilled water and vortexed. 50 uL of FolinCiocalteu reagent was added and allowed to react for at least 3 minutes with the sample,
but no longer than eight. Then, 150 uL of sodium bicarbonate solution was added to
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adjust the pH of the sample. Samples were incubated at room temperature (~23 °C) for 2
hours. The absorbance of samples at 765 nm was measured using a 96-well plate reader
(SpectraMax 190 Microplate Reader; Molecular Devices, LLC., Sunnyvale, CA), and
gallic acid equivalents (GAE) were calculated based on a five-point standard curve that
was run with each set of samples. All samples were measured in triplicate.

Quantification of fruit tissue flavonols with HPLC-ESI(-)-MS. Lyophilized tomato
fruit-tissue (prepared as previously mentioned) was extracted according to Muir et al.
(2001) with some modifications. 200 mg (± 5 mg) of lyophilized tomato fruit tissue was
placed in a 15-mL tube and 5 mL of 70% methanol was added. The tubes were briefly
vortexed and then sonicated for 30 minutes. Ice was added to maintain the sonicator water
bath at ambient temperature. Samples were centrifuged at 4,031 x g for 5 minutes at 4 °C.
The supernatant was collected in a separate tube and the extraction was repeated on the
sample pellet as described previously. All samples were kept within a dark refrigerator on
ice whenever possible and the tube headspace was replaced with nitrogen gas at each step
where solvent was added or removed. The supernatants from both extractions were pooled
and dried down using a nitrogen evaporator (N-EVAP 11250; Organomation Associates
Inc., Berlin, MA) with a water bath maintained at 37 °C. The residue was re-suspended in
500 uL of 50:50 methanol: acidified water (2% glacial acetic acid), had the headspace
replaced with nitrogen gas, and stored in a -70 °C freezer. Before analysis, samples were
filtered with a 0.45 µm filter (Chromafil O-45/15 MS; Macherey-Nagel, Düren, Germany),
and transferred into Waters 300 uL sample vials (Waters; Milford, MA). Compounds were
separated and analyzed according to Neilson et al. (2010) with some modifications.
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Compound separation was achieved using a Waters 2695 Separations Module (Waters;
Milford, MA) with a Waters XBridge™ BEH Shield RP C18 column (2.1 x 100mm, 2.5
µm particle size) at 40 °C. A solvent gradient at 0.25 mL/min with mobile phases 0.4%
formic acid in MS water (A) and 0.1% formic acid in acetonitrile (B). The separation lasted
24 minutes with the following gradient: 95(A):5(B) 0 minutes, 65(A):35(B) 15 minutes,
30(A):70(B) 17 minutes, 95(A):5(B) 19 minutes, and the column was re-equilibrated at
95(A):5(B) for an additional five minutes. The column effluent was split 1:1 into a Waters
ZQ 2000 single quadrupole mass spectrometer operated in negative mode. Capillary and
cone voltages were 3 kV and 40 V, respectively. Desolvation and cone-gas (N2 gas) flow
rates were 400 and 60 L/h, respectively. The selected ion responses (SIRs) used represented
the deprotonated pseudomolecular ion ([M−H]−) of the analytes of interest. Mass-to-charge
ratios (m/z) for these ions were 609 and 593 for quercetin-3-O-rutinoside and kaempferol3-O-rutinoside, respectively. Dwell time for each SIR was 0.2s with an interscan delay of
0.01s. Representative chromatograms can be seen in Appendix 4.

Outdoor Field Trial
Plant materials and growing conditions. In mid-May, 2014, tomato seeds for
‘Komeett’ (DeRuiter Seeds, Columbus, OH) and ‘Moneymaker’ (Bakers Creek Heirloom
Seed Co., Mansfield, MO) were sown into Agrifoam soil-less plug strips
(SteadyGROWpro; Syndicate Sales, Kokomo, IN). Seedlings were moved into a grow
room and received 180 μmol·m‒2·s‒1 of PAR for 16 hours each day with a 21/17 °C
day/night temperature regime. Seedlings were fertigated as needed with an acidified
fertilizer solution that contained a 3:1 mixture of 15N-2.2P-12.5K and 21N-2.2P-16.6K,
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respectively, providing 200 N-NO3, 26 P, 163 K, 50 Ca, 20 Mg, and micronutrients (mg·L‒
1

; The Scotts Co., Marysville, OH). After 3 weeks, seedlings were repotted into 10.2 x 10.2

cm pots with Faffard 52 grow mix (Sun Gro Horticulture, Agawam, MA). Plants were then
moved into a glass-glazed greenhouse in West Lafayette, IN (lat. 40°N, long. 86°W; USDA
hardiness zone 5b) and fertigation continued as needed. After 2 more weeks, plants were
brought to a nearby field site and gradually acclimated to outdoor conditions by gradually
increasing the amount of solar light received over a period of 5 days by moving plants in
and out of a shade house. After acclimation, plants were planted in a cambic-loam soil
amended with organic compost. 160 m2 of heavy-duty weed cloth (FarmTek; Dyersville,
IA) was used to suppress weed growth around the tomato plants. Plants were watered as
needed with city water for approximately 2 weeks before fully rooting. To prevent overlyvegetative growth, plants were pruned to two heads and all axial suckers were removed.
Tomato plants were trellised using the ‘Florida Weave’ method to allow for optimal airflow
and light interception. Environmental conditions were monitored with a Priva weather
station (Priva, De Lier, Netherlands) equipped with a LI-COR LI-190R quantum sensor to
measure PPF (LI-COR; Lincoln, Nebraska). Outdoor light intensity, temperature, and
relative humidity can be found in appendix 1, 2, and 3.

Tissue collection, processing, PC analyses, carotenoids, phenolics, and flavonols.
‘Komeett’ fruits were harvested at Stage 5 (USDA Tomato Ripeness Classification) and
allowed to ripen to Stage 6 (USDA Tomato Ripeness Classification) for two days (23 °C).
‘Moneymaker’ fruits ripened to Stage 6 while still attached to the plant and were
immediately brought back to the lab for processing. All lab work associated with the
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physicochemical fruit attributes above were performed as described in Experiment 1. Each
sample was an aggregate of ten fruits from ten randomly selected plants and all harvests
took place within two weeks in late August, 2014.

Organoleptic sensory panels. Prior to starting the sensory panel, Stage 6 fruits
were briefly washed with tap water and wiped dry. Batches of at least six randomly
selected fruits per variety were made by dicing each fruit and pooling them together in
one container. To avoid the confounding effects of oxidation and enzymatic processes on
tomato flavor and aroma, the batches of fruits were changed every hour throughout the
day and refreshed as needed. Prior to each test, panelists were informed about the features
of the survey. Panelists were presented with two cups containing 5 – 10 g of diced tomato
fruit. Each cup was labeled with a single letter identifier to hide the treatment of origin
from the panelist. Surveys included both the 9-point objective (indicating magnitude) and
9-point hedonic scale (indicating preference) for attributes as follows: color, aroma,
texture/mouthfeel, acidity, sweetness, aftertaste, and overall approval. For the objective
scale, values 1 to 9 represented “extremely weak”, “very weak”, “moderately weak”,
“slightly weak”, “neither weak nor strong”, “slightly strong”, “moderately strong”, “very
strong”, and “extremely strong”, respectively. For the hedonic scale, values 1 to 9
represented “dislike extremely”, “dislike very much”, “dislike moderately”, “dislike
slightly”, “neither like nor dislike”, “like slightly”, “like moderately”, “like very much”,
and “like extremely”, respectively. Fresh water and plain crackers were provided to the
panelists for clearing their palates between samples. Panelists were compensated with
free candy, tomatoes, and on one occasion, participating in a sensory study while the
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author was dressed in lederhosen. All personnel involved in hosting the sensory panel
were required to pass research ethics training for human subject research through the
Collaborative Institution Training Initiative (CITI) Program and Institutional Review
Board. These methods were adapted from Massa et al. (2010).

Experiment 2
Plant materials and growing conditions. Seeds of ‘Moneymaker’ tomatoes
(Baker’s Creek Heirloom Seed Co., Mansfield, MO) were sown and cultured the same way
as tomato plants in Experiment 1, but in late June, 2014.

Greenhouse setup. The greenhouse setup and supplemental PAR regime used the
same protocol as for Experiment 1.

Ultraviolet (UV) radiation treatments. Using the same fixtures and mounting
system as Experiment 1, plants were supplemented with UV radiation using Q-Panel UVA340 bulbs (Q-Lab Corporation, Westlake, OH) to more accurately simulate solar UV
radiation. Lamps were energized 96 hours prior to use (Adamse and Britz, 1992). To
stabilize the bulbs and optimize their lifespan, fixtures were retrofitted with Osram
Sylvania 120-277V ballasts (QHE-2X39-24T5HO/UNV-PSN; Osram Sylvania, Danvers,
MA). Bulbs were either left unfiltered (UV-A+B) or were covered with 5-mil (0.013 cm)
Mylar® film (TAP Plastics, Stockton, CA), filtering wavelengths below 315 nm and
allowing for the dissection of UV-A and UV-B mediated effects. The Mylar® film was
replaced every 170 hours corresponding with a 30% reduction in transmittance (figure 2.6).
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Using the Flint-Caldwell BSWF (Flint and Caldwell, 2003) normalized to 1 at 300 nm,
treatments were calibrated to be 17.422 kJ·m-2·day-1 or 11.290 kJ·m-2·day-1 for UV-A+B
and UV-A treatments, respectively. Total UV-B (280-315 nm) fluences for each treatment
were 5.64 x104 µmol·m–2 and 3.03x103 µmol·m–2 for UV-A+B and UV-A treatments,
respectively. Measurements were taken using a StellarNet BLACK-Comet spectrometer
(Model C; StellarNet Inc., Tampa, FL). Lamps were operated for 12 h/d and the developing
fruit clusters were 18 cm from the bulbs. Bulb degradation over a 1500-h period was found
to be negligible, indicating that the doses were stable throughout the experiment (figure
2.7). Doses were used as an approximation of outdoor UV radiation exposure that a plant
would receive in West Lafayette, IN, USA on an average June day as calculated from a
USDA UV-B database (UV-B Monitoring and Research Program at Colorado State
University). Spectra of the greenhouse and UVA-340 lamps can be found in figure 2.3.

Air temperature and relative humidity were monitored throughout the
experimental period using Priva environmental monitoring stations (Priva, De Lier,
Netherlands) located in the center of the greenhouse. These data can be found in figures
2.4 and 2.5

Tissue collection, processing, PC analyses, carotenoids, phenolics, and flavonols.
All lab work associated with the physicochemical fruit attributes described previously were
performed as for Experiment 1. However, fruits were allowed to ripen to Stage 6 on the
plant. Only fruits that were approximately 18 cm (within the correct dose of UV radiation)
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from the lamps were used for analyses. All harvests took place within 3 weeks during early
to late April, 2014.

Organoleptic sensory panels. Sensory panels were conducted as described for the
outdoor field trial, but using vine-ripened ‘Moneymaker’ from the greenhouse setup
discussed in Experiment 2.

RNA extraction and purification. Tomato fruit peel from the fruit hemisphere facing
UV-emitting bulbs was peeled with a razor blade and stored in a -70 °C freezer. Fruit peels
were then placed into mortars with liquid nitrogen and ground to a fine powder. RNA was
extracted according to Eggermont et al. (1996). Between 200 and 300 mg of frozen powder
was transferred to a sterile 2 mL tube and vortexed with 1.5 mL of RNA extraction buffer
(100 mM sodium acetate, 1 mM sodium-EDTA, 4% (w/v) SDS, in DEPC treated water).
Samples were incubated for at least 5 minutes at room temperature and then centrifuged at
16,200 x g for 10 minutes. The supernatant was transferred to a new tube and 1 mL of
25:24:1 (v/v) phenol: chloroform: isoamyl alcohol was added to the previously extracted
tomato sample. The extraction was performed three times. The combined supernatants
were mixed with 1.2 mL of 24:1 chloroform: isoamyl alcohol. Tubes were spun at 16,200
x g for 5 minutes. The top layer was transferred to a new tube and 0.5 volumes of 8 M LiCl
was added. The tubes were incubated at -20 °C over night. After the incubation period,
tubes were then spun at 16,200 x g for 15 minutes at 4 °C. 1 mL of chilled 80% ethanol
was added and the tube was inverted to clean the pellet. The samples were spun at 16,200
x g for 2 minutes, the supernatant was removed, and the cleaning process was repeated
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once more. The ethanol was then removed and the pellet was air-dried. 55 uL of nucleasefree water was added and the quality of the RNA was checked on a NanoDrop (NanoDrop
2000c; Thermo Scientific, Waltham, MA). Samples that had a 260/280 absorbance ratio
below 1.9 were discarded. Samples that did not show signs of degradation were then
subject to a DNase treatment (DNase I; Zymo Research, Irvine, CA) to remove DNA that
may be present in samples. 50 uL of RNA extract was combined with 4 uL of DNase I, 10
uL of buffer solution, and 36 uL of water. The sample was incubated at 37 °C for 30
minutes. RNA was then concentrated and purified using an RNA clean and concentrator
kit (RNA Clean & Concentrator™; Zymo Research, Irvine, CA). 200 uL of RNA binding
buffer was added to each RNA sample and briefly vortexed. 200 uL of ethanol was then
added and the sample was vortexed again. The samples were then transferred into ZymoSpin™ IIC Columns and spun at 16,200 x g for 1 minute. The flow-through was discarded
and 400 uL of RNA prep buffer was added to the column. The samples were centrifuged
again at 16,200 x g for 1 minute. The flow-through was discarded. 600 uL of RNA wash
buffer was added to the column and centrifuged at 16,200 x g for 30 seconds. The flowthrough was discarded and 400 uL of RNA wash buffer was added to the column. The
column was spun for 2 minutes at 16,200 x g to remove the remaining wash buffer. Then,
a new collection tube was installed and 25 uL of nuclease free water was added to the
column. The samples were spun at 10,000 x g and the flow-through (purified RNA) was
stored in a -70 °C freezer until cDNA synthesis.

cDNA synthesis. cDNA was generated from RNA extracts using the BioRad
iScript™ cDNA Synthesis Kit. 4 uL of 5x iScript reaction mix was added to an appropriate
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amount of nuclease-free water and RNA template (1 ug), which varied depending on the
concentration of the RNA as determined by a NanoDrop and totaled 20 uL per reaction. 1
uL of iScript reverse transcriptase was added and the reaction was performed using a
BioRad T100 Thermal Cycler. The protocol was as follows: 5 minutes at 25 °C, 30 minutes
at 42 °C, 5 minutes at 85 °C. cDNA quality was confirmed by performing an RT-PCR on
an aliquot of the sample and running the product on a 2% agarose gel. cDNA was stored
in a -20 °C freezer until future analysis.

Real-time PCR. cDNA was diluted 20-fold and quantitative real-time PCR was
carried out using an Applied Biosystems StepOnePlus™ PCR system (Applied
Biosystems; Foster City, CA). The 15 uL reaction mix used 2 uL of cDNA, 1.3 uL of CXR
reference dye, and 7.5 uL of SYBR green sourced from GoTaq® qPCR Master Mix
(Promega; Madison, WI). Primer concentrations varied between 0.33 and 0.7 uM. To
analyze the expression of genes involved in light signal transduction, primers for COP1
were developed using Primer Express® (v.3.0.1.; Applied Biosystems; Foster City, CA).
Additionally, HY5 primers from Calvenzani et al., (2010) were optimized for our PCR
system. The sequences were as follows: F 5′ -ACGGGCTTGGAGTGTTGATT- 3′ and R
5′

-CCTGCTTCGTGCACCAAACT-

3′

for

F

COP1;

5′

-

AAGCAAGGGTGAAGGAATTG- 3′ and R 5′ - ACAATCCACCCGAAACTAGC- 3′ for
HY5.

As

a

reference

gene, EF1

TGGCCCTACTGGTTTGACAACTG-3’

(tomato

elongation
and

factor
R

1α; F 5’–
5’-

CACAGTTCACTTCCCCTTCTTCTG-3’) was used because of its reputation for
consistent expression in mature tomato fruits (Bartley and Ishida, 2003). The temperature
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regime for the real-time PCR was 95 °C for 10 minutes and then 40 cycles of 95 °C for 15
seconds and 60 °C for 1 minute. For HY5, a melting temperature of 53 °C instead of 60 °C
was used by enabling the VeriFlex Plus™ Block; allowing for optimal reaction conditions
of multiple genes on the same plate. Relative expression was calculated using the ΔΔCt
method though StepOne Software (v2.3; Applied Biosystems; Foster City, CA). Control
fruits served as a calibrator for different light treatments. All measurements were done in
triplicate.

Statistical analysis. Data were analyzed as a randomized complete block design and
were subject to analysis of variance (ANOVA) and the general linear model procedure of
SAS for pooling decisions (version 9.4; SAS Institute, Cary, NC). Additionally, planned
comparisons of means at α = 0.05 using Tukey’s honestly significant difference (HSD) test
were used. Greenhouse treatments were compared to outdoor control values using T-tests
(α = 0.05).

Experiment 3
Plant materials and growing conditions. Tomato plants (‘Moneymaker’; Bakers
Creek Organic Seed Co., Mansfield, MO) were cultured as described in Experiment 2, but
started in mid-December, 2014. Mature plants were fertigated with fertilizer mix (described
in Experiment 2) and tap watered alternated daily. Electrical conductivity of the leachate
was between 1.7 and 2.0 mS/cm as quantified by a Hanna Instruments pH/EC meter (98136; Hanna Instruments, Woonsocket, RI). To ensure consistent water status between
experimental units, plants were watered to the count of “twenty Mississippi” each day.
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Greenhouse setup. Due to limited space, a small, randomized design was used (n=3)
for two treatments (UV-A+B or control). Plants were grown with a day/night temperature
regime of 25/23 °Overhead HPS lights were turned on when outdoor light was less than
750 μmol·m‒2·s‒1 and turned off when outdoor PPF exceeded 1000 μmol·m‒2·s‒1. Plants
received approximately 11 mol·m‒2·d‒1 of PAR. This ensured that plants received at least
12 mol·m‒2·d‒1 of PAR. A light map conducted after sunset determined that the PAR
emitted by overhead HPS lamps was uniformly distributed and day-time scans determined
that the same was true for solar PAR as determined with a spherical quantum sensor (LI250A; LI-COR, Lincoln, NE).

Ultraviolet (UV) radiation treatments. Doses used in this study were comparable
to those used in Experiment 2. However, each plant was surrounded with four fixtures with
UVA-340 bulbs emitting 17.422 kJ·m-2·day-1 each. Each fixture was 18 cm from the plant.
Due to the weakness of emissions from the bulbs, it was measured that the light from
nearby fixtures did not significantly influence the light received by other parts of the plant.
Thus, each fixture irradiated only the plant tissue juxtaposed to the bulbs. No Mylar® was
used in this study as the objectives were to determine if whole-plant exposure to UV-A and
B would affect fruit phytochemical composition. Wooden structures used to mount the UVemitting fixtures were placed around control plants to mimic any shading effect that might
have occurred in the UV-A+B treatment.
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Air temperature and relative humidity were monitored throughout the
experimental period using Priva environmental monitoring stations (Priva, De Lier,
Netherlands) located in the center of the greenhouse. These data can be found in Figures
2.8 and 2.9.

Tissue collection, processing, PC analyses, carotenoids, phenolics, and flavonols.
All lab work associated with the physicochemical fruit attributes above were performed as
described in Experiment 2. However, each sample was an aggregate of nine fruits.

Statistical analysis. Data were analyzed as a randomized complete factorial design
and were subject to analysis of variance (ANOVA) using SAS (version 9.4; SAS Institute,
Cary, NC). Additionally, planned comparisons of means at α = 0.05 using Tukey’s honestly
significant difference (HSD) test were used. Greenhouse treatments were compared to
outdoor control values using T-tests (α = 0.05).

Results
Mass, Water Content and Colorimetric Attributes
Expt. 1. Within the greenhouse experiment, fruit mass was not significantly
different among treatments. However, greenhouse fruits had significantly higher masses
than those grown in the field (Table 2.1). A similar trend was observed for the
colorimetric attributes L, a, and b. The a/b ratio was not statistically different when
comparing greenhouse to outdoor-grown or within greenhouse treatments. Fruit water
content was statistically similar in all treatments including the outdoor field trial.
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Expt. 2. In the greenhouse experiment, lighting treatments did not significantly
affect fruit mass. ‘Moneymaker’ fruits grown outdoors had significantly higher mass than
all greenhouse treatments. Fruit water content was similar among all greenhouse
treatments, but statistically lower than outdoor-grown fruits in the control and UV-A+B
treatments. All colorimetric attributes were statistically similar among the light
treatments. All treatments were significantly different than outdoor-grown fruits for L, b,
and a/b. However, the “a” values for the UV-A treatment and Controls were not
statistically different than those for outdoor-grown fruits.

Expt. 3. Mass and all colorimetric values were similar within greenhouse
treatments. However, all of these values were statistically different from outdoor-grown
fruits except for the a/b ratio for control fruits grown in the greenhouse. Fruit water
content was similar between the two greenhouse treatments and control fruits were
statistically similar to outdoor-grown fruits. UV-A+B supplemented fruits had
statistically higher fruit water content than outdoor controls.

Basic Physicochemical Attributes
Expt. 1. Brix, total sugar, pH, total acids, the sugar/acid ratio, and EC were all
statistically similar within the greenhouse experiment (Table 2.2). However, titratable
acidity was highest in the broadband UV treatment (UV-A+B), but not different than
controls, which were similar to plants receiving only supplemental UV-A. With the
exception of Brix and pH, all other attributes were statistically different than outdoor-
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grown controls. The pH of UV-A supplemented fruits was significantly lower in
greenhouse-grown fruits compared to outdoor-grown.

Expt. 2. All basic physicochemical attributes were statistically similar within the
greenhouse. All greenhouse treatments were statistically different from those ofoutdoorgrown fruits except for pH, for which only UV-A supplemented fruits were statistically
different than outdoor-grown fruits. Additionally, fruits of control plants were statistically
similar to outdoor-grown fruits in terms of the sugar/acid ratio. Lastly, total sugar in fruits
supplemented with UV-A+B was statistically similar to that of outdoor-grown fruits.

Expt. 3. All basic physicochemical attributes were statistically similar among the
greenhouse treatments. Brix, pH, and the sugar/acid ratio of fruits from either greenhouse
treatment were statistically similar to outdoor-grown fruits. Total sugar and total acids
were significantly different from outdoor-grown fruits in both greenhouse treatments and
titratable acidity and EC for the UV-A+B supplemented fruits was statistically different
than outdoor-grown fruits.

Antioxidant Compounds
Expt. 1. Ascorbic acid concentration, total ascorbic acid per fruit, total phenolics
per fruit, and rutin concentration on a dry weight basis were statistically similar among
all greenhouse treatments (Table 2.3). Control fruits had statistically lower ascorbic acid
than outdoor-grown fruits on a dry weight basis. However, total ascorbic acid was not
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different among the greenhouse treatments and outdoors. Phenolics, in terms of dry
weight concentration and total fruit concentration, were statistically similar among all
greenhouse treatments. Additionally, total phenolics in all greenhouse treatments were
higher than controls. Rutin concentration on a dry weight basis was not different among
the greenhouse treatments, but the UV-A supplemented fruits were higher than outdoors.
When corrected for fresh fruit mass, total rutin was highest in UV-A supplemented fruits
and similar to controls. UV-A+B fruits were lowest among the greenhouse treatments and
not different than outdoors. Control and UV-A supplemented fruits were statistically
higher than outdoor-grown fruits. The UV-A+B fruits had the lowest kaempferol-3-Orutinoside dry weight concentration and total fruit concentration while the controls and
UV-A supplemented fruits were the same. Control and UV-A supplemented fruits were
the same as outdoor-grown fruits for kaempferol-3-O-rutinoside concentration, but all
three greenhouse treatments were different compared to the outdoor-grown fruits for total
kaempferol-3-O-rutinoside.

Expt. 2. Ascorbic acid dry weight concentrations were similar among the
greenhouse treatments and all greenhouse treatments were higher than outdoor-grown
fruits. When corrected for fresh fruit mass, total ascorbic acid was similar throughout all
greenhouse treatments as well as outdoor-grown fruits. Phenolics in terms of dry weight
concentration as well as total phenolics were the same in all greenhouse treatments and
the same as outdoor-grown fruits. Rutin concentration was the same between control and
UV-A supplemented fruits, and both were similar to outdoor-grown fruits. However, UVA+B supplemented fruits were statistically highest while being similar to UV-A
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supplemented fruits. Both UV-A and UV-A+B supplemented fruits had higher rutin
concentrations than that of outdoor-grown fruits. When fresh fruit mass into account
(rutin per fruit), UV-A+B fruits had the highest concentration of all greenhouse
treatments and were significantly higher than that of outdoor-grown fruits. Kaempferol-3O-rutinoside dry weight concentration and total fruit concentration was the same among
the three greenhouse treatments and higher than that of outdoor-grown fruits.

Expt. 3. All water-soluble antioxidant compounds measured in this study were
statistically similar between the two greenhouse treatments except for ascorbic acid and
rutin dry weight concentration, which were significantly higher in the UV-A+B treatment
compared to controls. UV-A+B supplemented fruits had statistically higher ascorbic acid
concentration than outdoor-grown fruits, but controls were not different. When
accounting for fresh fruit mass, both greenhouse treatments had lower total ascorbic acid
than outdoor-grown controls. UV-A+B supplemented fruits had higher phenolics in terms
of dry weight concentration than outdoor-grown fruits, but controls were statistically the
same. When mass was considered, both greenhouse treatments had lower total phenolics
than their outdoor-grown counterparts. UV-A+B supplemented fruits had higher rutin
than outdoor-grown fruits, but not when mass was considered. Control fruits had
statistically similar total fruit rutin content, but were statistically lower than outdoorgrown fruits. Kaempferol-3-O-rutinoside dry weight concentration and total fruit content
was significantly higher in both greenhouse treatments compared to outdoor-grown fruits.
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Carotenoids
Expt. 1. Lycopene dry weight concentration was statistically similar among all
three greenhouse treatments, but statistically lower than outdoor-grown fruits (Table 2.4).
When fresh fruit weight was taken into consideration, all greenhouse treatments were
similar among each other and similar to outdoor-grown fruits. β-carotene dry weight
concentration was significantly lower in control fruits, but not different between UV-A
and UV-A+B supplemented fruits. All greenhouse treatments had lower β-carotene
concentration than outdoor-grown fruits. Total β-carotene per fruit was similar among all
three greenhouse treatments as well as outdoor-grown fruits.

Expt. 2. Lycopene concentration was statistically similar among all greenhouse
treatments and outdoor-grown fruits. Total lycopene per fruit was significantly lower in
all greenhouse treatments compared to outdoor-grown fruits. β-carotene concentration
was similar among all greenhouse treatments and outdoor-grown fruits. Total β-carotene
per fruit was similar in all greenhouse treatments, but control and UV-A supplemented
fruit were significantly lower than outdoor-grown fruits.

Expt. 3. All carotenoids measured were statistically similar among treatments in
terms of concentration and total fruit content. Lycopene and β-carotene total content were
statistically lower in both greenhouse treatments compared to outdoor-grown fruits.
Additionally, control fruits had statistically lower lycopene dry weight concentrations
than outdoor-grown fruits.
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Organoleptic Sensory Panels
Expt. 2. Fruits from Expt. 2 were tasted by 39 independent panelists and rated
color aroma sweetness, acidity, aftertaste, and texture on both absolute and hedonic
scales (Tables 2.5 and 2.6). These data were then compared to data from fruits of the
same variety grown outdoors during the summer growing season to establish a
benchmark for “garden-grown taste”. The absolute rankings of sweetness, acidity,
aftertaste, and texture were statistically similar among all three greenhouse treatments
(Table 2.5). Within these attributes, all treatments were similar to outdoor-grown fruits
except for the texture of UV-A+B supplemented fruits, which was statistically higher
than for outdoor-grown fruits. The absolute color ratings of all treatments grown in
greenhouses were similar in intensity to outdoor-grown fruits, but control fruits were
higher than UV-A supplemented fruits. Absolute aroma ratings among all greenhouse
treatments and outdoor-grown fruits were similar, but UV-A supplemented fruits were
rated more intense than control and UV-A+B supplemented fruits. Absolute ratings for
acidity were similar among greenhouse treatments, but all treatments were significantly
higher than outdoor-grown fruits. The hedonic ratings for color, sweetness, aftertaste, and
texture were similar among the greenhouse treatments (Table 2.6). These attributes were
statistically similar to outdoor-grown fruits except aftertaste, for which control and UVA+B supplemented fruits were ranked lower than outdoor-grown fruits. UV-A
supplemented fruits had the highest hedonic ratings for aroma, which corresponds to the
highest absolute rating. UV-A supplemented fruits also had similar aroma ratings to
outdoor-grown fruits while control and UV-A+B fruits had statistically lower aroma
hedonic ratings. The hedonic rating for acidity was highest in UV-A supplemented fruits
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and UV-A+B supplemented fruits were not different than outdoor-grown fruits. Overall
approval ratings were highest for UV-A supplemented fruits, and UV-A was significantly
higher than controls but similar to UV-B+A supplemented fruits. Control fruits were
rated statistically lower than outdoor-grown fruits.

Gene Expression
In Expt. 2, qPCR was used to determine the relative expression of HY5 and COP1
in tomato fruit peels. The relative expression of HY5 was lower in both the UV-A and
UV-A+B treatments, although not significantly compared to controls (Figure 2.11). A
similar trend was observed for the relative expression of COP1 (Figure 2.12). However,
the difference in relative expression of COP1 in the two treatments was significantly
lower than controls. The two supplemental treatments were not different from one
another for either gene.

Discussion
Although the studies outlined above sought to restore the “garden-grown” quality
in greenhouse-grown tomato fruits using supplemental UV radiation, many of the
attributes measured were unchanged. Furthermore, differences that were statistically
significant would likely not be significant in a biological context in terms of improving
human health. UV radiation has been long known to affect plant growth and development
through conspicuous changes to plant architecture (leaf thickening, wax accumulation,
growth rate, etc.) and through changes in metabolism (e.g., biosynthesis of antioxidant
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compounds) as a coping mechanism for stress (Tevini et al., 1981; Murali and Teramura,
1985; Bassman, 2004). Although not statistically significant, fruits from UV-A+B
supplemented plants were perceptibly smaller than those from UV-A supplemented or
control plants (Table 2.1). Photosynthesis is directly linked to tomato yield (Kläring and
Krumbein, 2013) and was likely reduced in Expt. 1 due to the deleterious effects of highenergy radiation that the cellulose acetate transmitted. Although past studies have used
this material to screen-out wavelengths of light below 280 nm, the material used in our
study likely had a modified formulation that rendered it ineffective for this purpose. As
such, plant tissues showed apparent signs of UV-C damage (Figure 2.10), which may
have reduced the plants’ overall ability to capture light and assimilate CO2. In order to
keep the plants in Expt. 1 productive, the dose was substantially lower than what was
used in Expts. 2 and 3 to compensate for the damaging effects of the high-energy light
that was part of the UV-A+B treatment. Fruit mass was less affected by supplemental UV
in Expts. 2 and 3 because a different UV lamp (UVA-340) was used that does not emit
light below 300 nm and emits UV-B radiation in a manner consistent with solar radiation
(Figure 2.1). Fruit mass from all greenhouse treatments was significantly smaller than
from the same varieties grown outdoors during the summer likely due to differences in
cultural practices and environmental conditions. Namely, outdoor-grown fruits were
grown in high light and were managed using the “Florida weave” method which may
have allowed for more light interception and increased photosynthesis. However, no
photosynthetic data were taken in these studies, so this is only speculative. Fruit mass
was particularly lower in Expt. 3 due to greenhouse conditions that intentionally did not
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allow for as much light interception by plants as in Expts. 1 and 2 to augment the affects
of UV radiation.

Colorimetric data in the form of Hunter L, a, and b values were recorded as a
representation of fruit-pigment concentrations (Brandt et al., 2003; Helyes et al., 2006).
These data also approximate what a grower or consumer might see the exterior of a ripe
fruit and provide insight to any changes in fruit tissue pigmentation. These data were
non-significant in all three experiments within the greenhouse treatments. However,
field-grown tomato fruits of the same varieties tended to be significantly different than
greenhouse controls. The “L” values (lightness) were significantly higher for outdoorgrown fruits compared to greenhouse grown fruits in all three experiments, which is due
to vastly different growing environments. Outdoor-grown fruits were subjected to
relatively volatile environmental conditions, which stimulates the production of
epicuticular wax as a defense response (Buschhaus and Jetter, 2011). Redness, or “a”
values, tended to be statistically lower or similar in treatments from all three experiments
compared to outdoor-grown fruits, with UV-A+B supplemented fruits in Expt. 2 being
the exception. These data corresponded with fruit lycopene concentrations (Table 2.4). In
all three experiments, the “b” values (yellowness) were statistically lower for all
greenhouse treatments compared to outdoor-grown fruits. β-carotene, a yellow-colored
carotenoid, was statistically lower in greenhouse fruits than in those grown outdoors, but
this trend was not consistent in Expts. 2 and 3. Differential partitioning of carotenoids
due to environmental conditions may explain the inconsistent patterns between prominent
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carotenoids (lycopene and β-carotene) and their impact on fruit color, but this hypothesis
has not been tested.

Brix, total sugar, pH, titratable acidity, total acids, and EC were measured in all
three experiments (Table 2.2) in order to make inferences about how UV light might
affect the perception of tomato flavor. Broadly speaking, none of these attributes were
significantly changed by UV supplementation. Brix in all three treatments in Expt. 2 was
higher than for outdoor-grown fruits. This may have been due to greenhouse irrigation
intervals that elevated the soil EC, which has been shown to influence tomato fruit sugar,
titratable acids, and carotenoids (Mitchell et al., 1991; Wu et al., 2004; Wu and Kubota,
2008; Segura et al., 2009; Yin et al., 2010; Kubota et al., 2012). The irrigation regime
was modified in Expt. 3 to avoid this potentially confounding factor, and Brix values
were comparatively lower. Past studies have determined that UV-B radiation can impact
the expression of genes in the Kreb’s cycle in order to provide substrates for the
phenylpropanoid pathway (Kusano et al., 2011; Cavalcanti et al., 2014). The doses of UV
radiation used in our studies had only modest effects on titratable acidity in all three
experiments. While the physicochemical attributes in Expt. 1 were the only attributes that
showed any significant differences between light treatments, no sensory data were
obtained for these fruits because high-energy radiation present in the UV-A+B treatment
rendered the fruits inedible due to a layer of protective lignin that formed on fruit
surfaces (Figure 2.10). This phenomenon has been observed before and is consistent with
tomato fruit exocarp responses to UV-C radiation (Charles et al., 2008). While UV-C has
been shown to be a potentially useful quality of light for improving tomato quality
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(Jagadeesh et al., 2009; Liu et al., 2009, 2012), its application may be limited to the
postharvest period due to its negative impact on plant growth and development as well as
safety concerns for humans.

A human’s perception of tomato quality is due not only to the interaction of
sugars, acids, and VOCs, but also appearance, texture, temperature, mouthfeel, and past
experiences (Goff and Klee, 2006; Baldwin et al., 2008). UV-A supplemented fruits had
the highest hedonic ratings for aroma, acidity, and overall approval compared to control
or UV-A+B supplemented fruits. That said, UV-A+B supplemented fruits were similar in
overall approval rating compared to UV-A supplemented fruits, but not different than
controls. Since UV-A and UV-B are sensed by distinct light sensors (cryptochrome and
UVR8, respectively), perhaps the UV-B portion of the UV-A+B treatment inhibited the
production of certain VOCs that generated high aroma and overall liking scores in the
UV-A treatment. UV-B specifically has been shown to modify VOCs in basil with short
duration exposures during the early morning (Johnson et al., 1999), so the UV-B portion
of the UV-A+B treatment likely had some effect. VOCs are crucial for shaping the flavor
and aroma profile of tomato fruits (Tieman et al., 2006b), and small changes in their
concentration can affect the perception of these compounds (Tieman et al., 2012).
Additionally, VOC concentrations are highly dependent on environmental conditions
(Dalal et al., 1967, 1968), which frames many of the differences between greenhouse and
outdoor-grown fruits.
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It is known that UV-A and UV-B can strongly affect the water-soluble antioxidant
compounds that were measured in our studies (Table 2.3). Ascorbic acid concentration
increased in HP-1 fruits grown in a greenhouse environment that included UV-B
radiation in the light environment (Giuntini et al., 2005). However, it was lower in
Esperanza and DRW 5981 fruits, indicating a complex genetic-by-environment
interaction. In ‘Moneymaker’ tomato fruits, post-harvest UV-B stimulated the production
of ascorbic acid (Castagna et al., 2013b). Additionally, UV-B is well known to induce the
production of phenolics and flavonoids as a “sunscreen” to mitigate UV-B damage
(Landry et al., 1995; Tilbrook et al., 2013). Flavonoids in both flesh and peel tissues of
‘Esperanza’ and ‘DRW 5981’ fruits were highly modulated by UV-B radiation (Giuntini
et al., 2008). Similar to other studies, the two cultivars responded differently in both
flavonoid accumulation and the expression of genes controlling enzymes in the flavonoid
biosynthesis pathway. Along these lines, Luthria et al. (2006) showed that UV-B
radiation can slightly increase the total phenolics in tomato fruits grown in high tunnels.
Even in post-harvest settings, UV-B can increase total phenolics and flavonoids (Liu et
al., 2011b; Castagna et al., 2013a), although the effect on total phenolics was less
pronounced in the Castagna et al. (2013a) study, in which the same variety
(‘Moneymaker’) was used as in Expts. 2 and 3. In our studies, UV radiation did not
greatly modify most of the water-soluble antioxidant compounds that were measured.
However, rutin concentration was statistically higher in the UV-A+B treatments in both
Expts. 2 and 3. In Expt. 2, this trend was conserved on a whole-fruit basis, confirming an
increase in rutin biosynthesis. Perhaps the most salient difference between the first and
last two experiments was the presence of high-energy radiation in the UV-A+B treatment
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in Expt. 1, which initiated a unique set of metabolic responses that caused lignification of
fruit exocarps, among other things (Figure 2.10). These processes greatly altered the flux
of metabolites within the fruits to cope with oxidative stress and resulted in the trends
seen in many of the compounds measured in Expt. 1. Thus, it is difficult to make
conclusions in Expt. 1 concerning the individual roles of UV-A, UV-B, or UV-C.

Although the role of UV-B in carotenogenesis is highly variable between species
of plants (Bassman, 2004), there is evidence that UV-B can modulate carotenoids in
tomato fruits. Liu et al. (2011b) increased the concentration of carotenoids in
‘Moneymaker’ tomato fruits in a postharvest setting with different doses of UV-B
radiation and similar results were seen by Castagna et al. (2013b). These results are likely
due to a downregulation of lycopene β and ɛ-cyclases (Lazzeri et al., 2012). The
blue/UV-A light sensor cryptochrome is also linked to carotenogenesis (Giliberto et al.,
2005). In many other plants, blue light perception has increased carotenoids in lettuce
(Lactuca sativa) (Li and Kubota, 2009), kale (Brassica oleracea) (Lefsrud et al., 2008),
and broccoli microgreens (Kopsell and Sams, 2013) in growth-chamber studies. In our
three studies, carotenoids remained largely unchanged by either UV-A+B or UV-A. This
was particularly striking in the last two experiments as ecologically relevant doses of
UV-B radiation were used. The promising results seen in postharvest studies may be
somewhat artificial, as the fruits received only UV-B radiation and not PAR. In some
species such as soybean (Glycine max), UV-B responses are dependent on background
levels of PAR (Mirecki and Teramura, 1984). Our studies had adequate (Expt. 3) to high
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(Expt. 1 and 2) levels of both solar and supplemental PAR, so metabolic responses in
terms of carotenoid accumulation may have been diminished because of this.

To gain insight regarding the molecular changes induced by the UV treatments in
Expt. 2, qPCR was used to quantify the expression of genes in the UV-B light-signal
transduction cascade. The E3 ubiquitin ligase COP1 is crucial in several light-signaling
cascades including UV-B perception (Favory et al., 2009). Once UVR8 monomers are
transported into the nucleus, the UVR8-COP1 complex interacts with the bZIP
transcription factor HY5 (Brown and Jenkins, 2008). Additionally, the homolog of HY5,
HYH, and the WD40-repeat-containing proteins SUPPRESSOR OF PHYTOCHROME
A (SPA1) and REPRESSOR OF UV-B PHOTOMORPHOGENESIS 1 (RUP1/2) are
involved with this cascade (Gruber et al., 2010). Our study focused on the expression of
COP1 and HY5 and found similar expression patterns for both genes (Figure 2.11 and
2.12). While both treatments lowered the relative expression of HY5 and COP1
compared to controls, only the treatments were significantly different from controls for
COP1 expression. Limited data regarding the expression of these genes in tomato fruits
exists. Calvenzani et al. (2010) quantified a few genes including COP1 and HY5 in
‘Moneymaker’ fruits grown in high tunnels that either blocked or permitted the
transmission of UV-B radiation. COP1 expression increased in the peels of fruits exposed
to UV-B while HY5 remained similar to their control (the expression in mature-green
fruit flesh). Studies using Arabidopsis in growth chambers have found increases in both
COP1 and HY5 in response to UV-B radiation (Ulm et al., 2004; Huang et al., 2012,
2014). However, Morales et al., (2012) found that although not significant, HY5

119
expression was lowest in outdoor-grown Arabidopsis exposed to UV-A+B compared to
those exposed to UV-A or no UV for three weeks. However, when measured after only a
short duration (12 h), gene expression in response to UV-A+B was significantly lower
than plants receiving only UV-A. However, after 36 h, the difference in expression was
no longer significant, indicating an adaptation. Similar trends in expression changing
over time as a response to UV-B have been shown for COP1 (Huang et al., 2012) and
HY5 (Oravecz et al., 2006). Clearly, the expression of HY5, and likely other genes in
light-signaling pathways, are highly sensitive to the environment and adapt their
expression patterns to meet the needs of the plant. Fruits from Expt. 2 were harvested in
the afternoon and were exposed to their respective UV treatment throughout the fruits’
development. Differences between controls and treatments indicated that our plants
receiving supplemental UV radiation may have perceived our treatments to some degree.
That said, the expression patterns in our fruits may be indicative of adaptation to the
supplemental UV treatments. However, a more comprehensive analysis of genes in the
light signal-transduction pathways, and possibly genes affected down-stream, is needed
to better understand how greenhouse grown plants respond to supplemented UV
radiation.

UV-B is sensed differently depending on a photon’s wavelength and certain genes
related to UV-B responses are antagonized by short wavelength UV-B (Ulm et al., 2004).
Gardner et al. (2009) reported that Arabidopsis mutants deficient in DNA repair were
hypersensitive to UV-B radiation, indicating that DNA damage is an alternate form of
perception. This finding is supported by Ulm and Nagy, (2005) and Biever et al. (2014).
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This offers insight into the odd trends seen in the water-soluble antioxidant compounds
measured in Expt. 1 where fruits from the UV-A+B treatment were exposed to a broad
spectrum of UV-B radiation as well as some UV-C.

COP1 is also a critical mediator for both blue and red-light signaling (Holm et al.,
2002; Sellaro et al., 2009). It has been proposed that prolonged exposure to UV-B can
limit the availability of COP1 to phytochrome and cryptochrome, and that cryptochromes
may outcompete UVR8 for COP1 under high solar light (Favory et al., 2009; Morales et
al., 2012). The fact that our studies were conducted in greenhouses with modest amounts
of supplemental PAR in addition to background solar PAR may have nullified any major
effects from our UV treatments due to competing light signaling pathways. Similar
findings have been noted for studies measuring growth and development of soybean
during high and low light times of year (Mirecki and Teramura, (1984) and bean plants
(Phaseolus vulgaris) (Cen and Bornman, 1990). Additionally, COP1 is exported from the
nucleus as a function of increasing light intensity and is less able to repress HY5 (von
Arnim and Deng, 1994; Ang et al., 1998), which further supports the hypothesis that
visible light interfered with the UV treatments used in these studies.

Outside on a sunny summer day, it is common to measure PAR intensities at or
above 1600 μmol·m‒2·s‒1 with about 1.5 μmol·m‒2·s‒1 of which being UV-B radiation.
Some fundamental studies examining UV-B signal transduction use grossly different
environmental settings than what a plant would be exposed to in nature. For example,
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part of a study by Brown and Jenkins, (2008) involved Arabidopsis plants grown with
with 20 μmol·m‒2·s‒1 of PAR from fluorescent lamps and 3 μmol·m‒2·s‒1 of UV-B.
Spectral differences aside, the UV-B/PAR ratio is 160 times higher than what might be
seen outdoors during the summer which likely exaggerates plant responses to UV-B.
Other studies that use entirely different PAR/UV-B ratios are generally those
investigating photomorphogenic and molecular control mechanisms in seedlings where
UV-B/PAR ratios can be up to 445 times higher than outdoor conditions (Ulm et al.,
2004; Oravecz et al., 2006; Favory et al., 2009; Rizzini et al., 2011; Huang et al., 2012).
While these studies are valid within their context, they may oversimplify plant responses
to UV-B and are not representative of how seedlings or mature plants would respond to
UV-B under high intensity, broad-spectrum light where all plant photosensors are
operating concurrently.

Conclusion
Our results show that neither supplemental UV-A nor supplemental UV-A+B
strongly affected the biosynthesis of nutritionally important phytochemicals. However,
our data do highlight the exciting possibilities in leveraging UV responses as a novel
method to enhance the flavor of greenhouse-grown tomatoes. Still, many questions
remain as to the exact compounds that were modulated in response to these treatments.
To our knowledge, these studies are the only present work detailing the effects of using
artificial UV sources throughout the lifecycle of a tomato crop. More research is
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necessary to better understand plant-UV interactions in general, but especially in the
context of production settings such as greenhouse environments.

Table 2.1 Means and standard errors of mass, fruit water content, and colorimetric attributes.

Mass (g)

Water Content
(%)

L

a

b

a/b

Expt. 1
Con.
UV-A
UV-A+B
Outdoor

n=9
n=9
n=9
n=3

243.59±8.53a*
234.67±5.6a*
202.47±4.48a*
169.19±3.82

94.07±0.19a
94.44±0.14a
94.05±0.1a
94.11±0.11

39.15±0.04a*
39.37±0.23a*
39.03±0.15a*
42.3±0.003

24.26±0.25a*
23.11±0.08a*
23.65±0.22a*
28.26±0.46

19.44±0.22a*
20.97±0.44a*
19.65±0.38a*
24.44±0.23

1.26±0.02a
1.11±0.03a
1.21±0.03a
1.16±0.01

n=9
n=9
n=9
n=3

101.92±3.16a*
92.26±2.24a*
103.65±2.67a*
138.76±0.83

93.36±0.07a*
93.72±0.08a
93.34±0.1a*
93.81±0.18

38.04±0.24a*
38.55±0.18a*
38.69±0.24a*
40.77±0.35

29.24±0.22a
29.1±0.26a
30.59±0.19a*
28.95±0.26

19.21±0.33a*
20.31±0.20a*
20.45±0.17a*
23.25±0.39

1.53±0.02a*
1.44±0.01a*
1.5±0.01a*
1.25±0.02

n=3
n=3
n=3

78.92±2.21a*
78.36±6.61a*
138.76±0.83

93.47±0.59a
94.86±0.15a*
93.81±0.18

38.75±0.2a*
37.95±0.95a*
40.77±0.35

26.73±0.12a*
27.37±0.45a*
28.95±0.26

19.96±0.14a*
19.68±1.1a*
23.25±0.39

1.35±0.01a
1.40±0.06a*
1.25±0.02

Expt. 2
Con.
UV-A
UV-A+B
Outdoor
Expt. 3
Con.
UV-A+B
Outdoor

*Significantly different at P ≤ 0.05 to outdoor controls within individual experiments. Values with different
letters withinan experiment are statistically different as determined by a Tukey’s honestly significant
difference (HSD) test (α = 0.05).

n=3
n=3
n=3

n=9
n=9
n=9
n=3

n=9
n=9
n=9
n=3

4.1±0.2a
4.6±0.2a
4.2±0.06

5.0±0.05a*
4.8±0.05a*
5.1±0.08a*
4.2±0.06

4.3±0.05a
4.0±0.1a
4.3±0.08a
4.2±0.03

3.22±0.23a*
3.58±0.14a*
5.88±0.08

5.1±0.15a*
4.45±0.14a*
5.25±0.13a
5.88±0.08

10.56±0.41a*
9.46±0.39a*
8.72±0.31a*
7.01±0.06

Total Sugar
(g/fruit)z

4.17±0.03a
4.17±0.03a
4.2±0

4.21±0.02a
4.23±0.02a*
4.18±0.02a
4.2±0

4.18±0.02a
4.14±0.02a*
4.18±0.02a
4.2±0

pH

4.86±0.13a
5.46±0.21a*
4.44±0.11

5.28±0.14a*
5.35±0.11a*
5.97±0.12a*
4.44±0.11

3.31±0.03ab*
2.94±0.05b*
3.41±0.03a*
4.4±0.09

Titratable Acidity
(g/L)

0.38±0.01a*
0.42±0.03a*
0.61±0.01

0.54±0.02a
0.49±0.02a*
0.62±0.02a
0.62±0.01

0.81±0.03a
0.69±0.02a
0.69±0.02a
0.75±0.01

Total Acids
(g/fruit)y

8.36±0.48a
8.43±0.36a
9.47±0.18

9.54±0.2a
9.04±0.13a*
8.5±0.13a*
9.47±0.18

13.08±0.1a*
13.68±0.34a*
12.68±0.41a*
9.47±0.02

Sugar/Acid

0.67±0.02a
0.77±0.03a*
0.66±0.17

0.74±0.01a*
0.74±0.02a*
0.79±0.13a*
0.66±0.17

0.48±0.01a*
0.43±0.01a*
0.49±0.02a*
0.57±0.01

EC (mS/cm)

y

Total Sugar represents Brix corrected for fruit fresh weight
Total Acids represents titratable acidity corrected for fruit fresh weight
*Significantly different at P ≤ 0.05 to outdoor controls within individual experiments. Values with different letters
within an experiment are statistically different as determined by a Tukey’s honestly significant difference (HSD)
test (α = 0.05).

z

Con.
UV-A+B
Outdoor

Expt. 3

Con.
UV-A
UV-A+B
Outdoor

Expt. 2

Con.
UV-A
UV-A+B
Outdoor

Expt. 1

Brix

Table 2.2 Means and standard errors of basic physicochemical attributes
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n=3
n=3
n=3

n=9
n=9
n=9
n=3

n=9
n=9
n=9
n=3

2.34±0.09b
3.95±0.48a*
2.23±0.01

2.67±0.14a*
2.92±0.04a*
2.56±0.17a*
2.23±0.1

1.62±0.21a*
1.96±0.09a
2.25±0.12a
2.51±0.1

12.03±1.13a*
15.7±1.3a*
19.16±0.66

18.15±1.34a
16.92±0.57a
16.64±1.23a
19.16±0.66

22.19±1.23a
25.6±1.4a
27.18±1.73a
24.85±1.23

Ascorbic Acid
per Fruit
(mg/fruit)y

5.305±0.74a
7.39±0.24a*
5.05±0.54

4.63±0.42a
5.63±0.4a
6.07±0.42a
5.05±0.54

4.95±0.23a
4.72±0.2a
4.75±0.39a
5.05±0.54

Phenolics
(mg GAEy/g
DW)

26.72±1.8a*
29.97±3.96a*
43.11±0.35

36.63±0.4a
35.02±0.3a
34.31±0.23a
43.11±0.35

57.66±0.27a*
62.64±0.3a*
67.29±0.2a*
36.20±0.18

Phenolics per
Fruit (mg
GAE/fruit)x

59.37±4.08b*
119.2±6.21a
71.79±3.94

84.4±3.99b
95.17±2.65ab*
113.93±1.7a*
71.79±3.94

68.25±5.83a
84.11±6.31a*
63.73±3.7a
66.27±1.59

Rutin
concentration
(µg/g DW)

0.3±0.03a*
0.48±0.07a
0.62±0.03`

0.58±0.04b
0.55±0.03b
0.79±0.02a*
0.62±0.03

15.282±1.98a*
17.74±2.26a*
1.49±0.06

8.77±0.79a*
9.07±1.09a*
8.57±0.53a*
1.49±0.06

2.63±0.21a
2.39±0.27a
0.94±0.07b*
2.3 ±0.14

Kaempferol-3-Orutinoside
concentration
(µg/g DW)

0.97±0.08ab*
1.1±0.09a*
0.77±0.06b
0.66±0.02

Rutin per Fruit
(mg/fruit)

78.62±11.87a*
71.63±10.88a*
12.83±0.83

59.71±5.88a*
51.93±5.99a*
59.04±3.86a*
12.83±0.83

38.05±3.67a*
31.08±3.51a*
11.56±1.24b*
22.75±1.13

Kaempferol-3-Orutinoside per Fruit
(µg/fruit)

y

DW = Dry weight
GAE = Gallic acid equivalents
x
“Per fruit” represents concentration corrected for fruit fresh weight
* Significantly different at P ≤ 0.05 to outdoor controls within individual experiments. Values with different letters within an experiment
are statistically different as determined by a Tukey’s honestly significant difference (HSD) test (α = 0.05).

z

Con.
UV-A+B
Outdoor

Expt. 3

Con.
UV-A
UV-A+B
Outdoor

Expt. 2

Con.
UV-A
UV-A+B
Outdoor

Expt. 1

Ascorbic Acid
(mg/g DW)z

Table 2.3 Means and standard errors of ascorbic acid, total phenolics, and select flavonols.
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Table 2.4 Means and standard errors of major fruit carotenoids.

β-Carotene
Concentration
(mg/g DW)

β-Carotene per
Fruit (mg/fruit)

Lycopene
Concentration
(mg/g DW)z

Lycopene per
Fruit (mg/fruit)

n=9
n=9
n=9
n=3

0.53±0.06a*
0.53±0.05a*
0.61±0.06a*
0.82±0.08

7.75±0.82a
6.88±0.53a
7.37±0.71a
8.09±0.73

0.2±0.01b*
0.27±0.02a*
0.26±0.001a*
0.31±0.05

2.89±0.23a
3.43±0.19a
3.14±0.21a
3.08±0.41

n=9
n=9
n=9
n=3

0.68±0.03a*
0.73±0.05a
0.75±0.03a
0.82±0.04

4.56±0.26a*
4.29±0.36a*
5.17±0.27a*
7.0±0.24

0.22±0.01a
0.24±0.02a
0.25±0.02a
0.24±0.06

1.51±0.09a*
1.42±0.11a*
1.7±0.15a
2.05±0.04

n=3
n=3
n=3

0.56±0.07a* 2.84±0.19a*
0.91±0.15a 3.56±0.27a*
0.82±0.04
7.0±0.24

0.18±0.02a
0.25±0.06a
0.24±0.06

0.92±0.02a*
0.98±0.15a*
2.05±0.04

Expt. 1
Con.
UV-A
UV-A+B
Outdoor
Expt. 2
Con.
UV-A
UV-A+B
Outdoor
Expt. 3
Con.
UV-A+B
Outdoor
z

DW = Dry weight
“Per fruit” represents concentration corrected for fruit fresh weight
* Significantly different at P ≤ 0.05 to outdoor controls within individual experiments.
Values with different letters within an experiment are statistically different as determined
by a Tukey’s honestly significant difference (HSD) test (α = 0.05).
y

n=39
n=39
n=39
n=54

7.21±0.18a
6.44±0.24b
7.13±0.2ab
6.93±0.17

5.41±0.23b
6.59±0.21a
5.92±0.22b
6.11±0.22

Aroma

4.51±0.24a
4.85±0.24a
4.87±0.23a
4.48±0.23

Sweetness

6.05±0.24a*
5.77±0.24a*
5.9±0.2a*
4.26±0.2

Acidity

5.31±0.21a
5.59±0.25a
5.51±0.24a
5.19±0.22

Aftertaste

5.51±0.28a
5.77±0.24a
6.1±0.27a*
5.24±0.23

Texture

* Significantly different at P ≤ 0.05 to outdoor controls. Values with different letters are statistically
different as determined by a Tukey’s honestly significant difference (HSD) test (α = 0.05). Means
represent back-transformed ratings.

Con.
UV-A
UV-A+B
Outdoor

Expt. 2

Color

Table 2.5 Means and standard errors of absolute ratings of select fruit attributes
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n=39
n=39
n=39
n=54

7.05±0.21a
7.0±0.24a
7.08±0.21a
7.43±0.17

5.82±0.21b*
7.05±0.23a
6.08±0.22b*
6.87±0.19

Aroma

5.18±0.25a
5.67±0.23a
5.41±0.25a
5.83±0.26

Sweetness

5.59±0.25b
6.31±0.24a
5.82±0.25ab
6.2±0.25

Acidity

5.56±0.23a*
6.02±0.24a
5.56±0.23a*
6.74±0.2

Aftertaste

5.56±0.26a
6.28±0.26a
5.92±0.31a
6.26±0.3

Texture

5.67±0.26b*
6.49±0.2a
5.87±0.24ab
6.61±0.22

Overall Approval

* Significantly different at P ≤ 0.05 to outdoor controls. Values with different letters are statistically different as
determined by a Tukey’s honestly significant difference (HSD) test (α = 0.05). Means represent back-transformed
ratings.

Con.
UV-A
UV-A+B
Outdoor

Expt. 2

Color

Table 2.6 Means and standard errors of hedonic ratings of select fruit attributes
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Greenhouse/Outdoor Spectra
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UVA-340 (Uncovered)

Greenhouse

Figure 2.1. Spectral scan of the UV-region of greenhouse and outdoor environments. For
reference, a spectrum of uncovered UVA-340 bulbs was included to demonstrate its
similarity to solar UV-B distribution. Light spectra in the greenhouse between 400 and
800 nm was similar to outdoor, but slightly attenuated due to glass. Measurements were
taken on a sunny day on June, 2nd, 2014 between noon and 1 PM.
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UVB-313 Spectra
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Figure 2.2. Spectral scan of UVB-313 lamps with either cellulose acetate or Mylar® film.
Spectra above 400 nm were comparable, so only the UV-region of the spectra is
displayed.
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UVA-340 Spectra
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Figure 2.3. Spectral scan of UVA-340 lamps with either Mylar® film or uncovered.
Spectra above 400 nm were comparable, so only the UV-region of the spectra is
displayed.
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Day/Night Greenhouse Temperature for Expt. 1 and 2
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Figure 2.4. Day and night greenhouse temperature spanning Expt. 1 and 2.

10-28-14
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Day/Night Greenhouse Relative Humidity for Expt. 1 and 2
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Figure 2.5. Day and night greenhouse relative humidity spanning Expt. 1 and 2.

10-28-14
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Mylar® Film Degradation
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Figure 2.6. Degradation of Mylar® film over a 600 hour period. A 30% reduction in
opacity (170 hours) was used as a set point for replacing Mylar® film.
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UVA-340 Bulb Degradation Over Time
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Figure 2.7. Change in UVA-340 bulb output over time between 600 and 1533 hours of
operation.
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Day/Night Greenhouse Temperature for Expt. 3
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Figure 2.8. Day and night greenhouse temperature for Expt. 3.
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Greenhouse Relative Humidity for Expt. 3
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Figure 2.9. Greenhouse relative humidity spanning Expt. 3.

4-6-15

4-26-15
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Figure 2.10. Tomato leaves, flowers, and fruits grown in Expt. 1 displaying symptoms of
UV-C damage.
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Relative Expression of HY5
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Figure 2.11. Means and standard errors of relative gene expression of HY5 in tomato fruit
peel from Expt. 2 of three independent samples. Red-ripe control fruits were used as a
calibrator and scaled to 1. EF1 was used as an endogenous control. Similar letters
indicate non-significance by a Tukey’s HSD test (α = 0.05). All samples were measured
in triplicate and repetitions of qPCR experiments yielded similar results.
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Relative Expression of COP1
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Figure 2.12. Means and standard errors of relative gene expression of COP1 in tomato
fruit peel from Expt. 2. Red-ripe control fruits were used as a calibrator and scaled to 1.
EF1 was used as an endogenous control. Data represent means of three independent
samples. Different letters represent significance using a Tukey’s HSD test (α = 0.05). All
samples were measured in triplicate and repetitions of qPCR experiments yielded similar
results.
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CHAPTER 3: MANIPULATING THE PHYTOCHEMICAL PROFILE AND
SENSORY QUALITY OF GREENHOUSE-GROWN TOMATOES WITH
SUPPLEMENTAL LIGHT FROM LIGHT– EMITTING DIODES (LEDS)
Abstract
Greenhouse tomatoes tend to have a reputation of inferior nutritional and sensory
quality compared to their field-grown counterparts. It has been long known that light is a
critical mediator of secondary metabolism in plants; signaling the production of
nutritionally important phytochemicals and regulating the emission of volatile organic
compounds that can alter the sensory perception of a tomato. By leveraging
photobiological principles, we are using supplemental light from light-emitting diodes
(LEDs) to determine if supplemental red, blue, far-red, or various combinations of those
wavebands can improve the quality of greenhouse tomatoes. Our LED fixtures included
the commercially available Philips Interlighting fixtures as well as custom-built LED
towers. These treatments were compared to overhead high-pressure sodium (OH-HPS)
lamps that are the commercial standard for supplemental lighting. We hypothesized that
enriching the amount of blue light tomatoes receive will positively influence the amount
of carotenoids and phenolic compounds that accumulate in tomato fruits through
cryptochrome and/or phototropin-dependent signaling pathways. Furthermore, we
hypothesized that additional far-red light will decrease these phytochemicals by
increasing the amount of inactive phytochrome in leaf and fruit tissues, thereby downregulating secondary metabolic pathways related to the nutritional content of tomato
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fruits. To test these hypotheses, tomato fruits were subjected to a battery of
physicochemical metrics that include total soluble solids, citric/ascorbic acid content, pH,
and electrical conductivity. Additionally, phenolic compounds were quantified broadly
using the Folin-Ciocalteu method in addition to a more targeted approach using HPLCESI(-)-MS to quantify specific flavonoids in fruit tissues. Lycopene and β-carotene were
quantified spectrophotometrically. Lastly, consumer sensory panels were used to assess
the impact of supplemental light quality on the flavor and overall perceived quality of
tomato fruits. In our studies, few attributes were modified by the lighting treatments used.
Consumer sensory panels echoed these trends by indicating that our lighting treatments,
or supplemental lighting per se, did not affect tomato sensory quality. Our research
indicates that the dynamic light environment inherent to greenhouse production systems
may nullify the effects of supplemental light on secondary metabolism in tomatoes.

Introduction
To consumers, off-season tomatoes (Solanum lycopersicum) are noticeably worse
than those grown in-season (Stevens, 1985). A contributing factor to this phenomenon is
the practice by which tomatoes are harvested at the mature green stage and ripened with
exogenous ethylene gas either while in transport or upon arrival (Kader et al., 1977).
While genetics are important for tomato fruit quality, post-harvest conditions ultimately
dictate the final quality of the product. Within the US, the average tomato is shipped at
least 2,300 km before reaching consumers (Pirog and Van Pelt, 2002). Therefore,
massive supply chain networks are a major agent for negatively influencing the quality of
tomatoes.

142

Greenhouses are one viable alternative that allow for the production of local, offseason produce. In northern latitudes, greenhouse growers depend on supplemental
lighting to maintain profitable yields during the winter, when low solar daily light
integrals (DLI) are commonplace (Dorais et al., 1991). Usually, growers use highpressure sodium (HPS) lamps, which emit a substantial amount of radiant heat in addition
to their orange-biased spectrum. While the most efficient HPS fixtures are of comparable
efficiency to the most efficient light-emitting diode (LED) systems (1.70 and 1.66
µmol·J‒1, respectively; Nelson and Bugbee, 2014), the most widely used HPS fixtures in
commercial greenhouses have an efficiency of around 1.02 µmol·J‒1 and are preferred
over high efficiency systems because of their relatively low upfront cost. However,
energy is the second largest indirect cost for greenhouse production (Frantz et al., 2010),
so growers are beginning to utilize LED technology to reduce energy consumption.

Light-emitting diodes are gaining popularity not only because of their relatively
high energy efficiency, but because of their long lifespan, lack of appreciable radiant
heat, and the ability to emit narrow waveband light (Morrow, 2008; Nelson and Bugbee,
2014). LEDs have been used for over 20 years as an effective tool for photobiologists to
tease apart complex, light-driven processes (Bula et al., 1991; Barta et al., 1992). In this
regard, scientists have found that different qualities and quantities of light can influence
not only growth and development, but secondary metabolic processes that determine the
nutritive value and flavor of crops. LED research spans many high-value crops including
arugula (Eruca sativa) (Mattson and Harwood, 2012), broccoli microgreens (Brassica
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oleracea) (Kopsell and Sams, 2013), cabbage (Mizuno et al., 2011), lettuce (Lactuca
sativa) (Li and Kubota, 2009; Stutte et al., 2009), kale (Lefsrud et al., 2008; Carvalho and
Folta, 2014a), and tomato (Gautier et al., 2005a) among many others. Further examples
of light influencing produce quality can be found in reviews by Carvalho and Folta,
(2014b) as well as Mitchell et al. (2015). The effects seen in these studies are generally
related to changes in carotenoids, polyphenolic compounds, and vitamins such as
ascorbic acid.

Carotenoids are a diverse class of phytochemicals that are excellent free-radical
scavengers and ameliorate the effects of oxidative stress in humans (Friedman, 2013).
Additionally, carotenoids positively influence cardiovascular health and exhibit
chemopreventive properties (Ciccone et al., 2013; González-Vallinas et al., 2013).
Tomatoes are excellent sources of these compounds, particularly lycopene and β-carotene
which are 80-90% and 7-10% of total fruit carotenoids, respectively (Frusciante et al.,
2007). Interestingly, carotenogenesis within tomato fruits is dictated in part by active
fruit-localized phytochromes (Alba et al., 2000), so direct supplementation of PAR to
tomato fruit clusters might affect carotenoid profiles of greenhouse-grown tomatoes.

Polyphenolic compounds are also greatly affected by light quality ranging from
ultraviolet-C (UV-C; 100-280 nm) to far-red (710-850 nm) (Voipio and Autio, 1995;
Jagadeesh et al., 2009; Li and Kubota, 2009; Stutte et al., 2009; Ordidge et al., 2010).
Some of these compounds have been shown to reduce coronary artery disease (Naderi et
al., 2003), reduce the severity of arthritis (Kauss et al., 2008; Raiola et al., 2014), reduce
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intestinal inflammation (González et al., 2011), and protect nervous tissues within the
brain (Spencer, 2009b). Tomato peels contain modest amounts of the flavonoids
naringenin chalcone, quercetin-3-O-rutinoside (rutin), and kaempferol-3-O-rutinoside
(Muir et al., 2001; Le Gall et al., 2003; Giuntini et al., 2008; Slimestad et al., 2008), so
there is potential for using light to increase these compounds.

Ascorbic acid, which is a potent antioxidant found in tomatoes and many other
fruits, is an important part of the human diet (Laing et al., 2007). Ascorbic acid has been
shown to have a synergistic effect on the functionality of dietary carotenoids (Riso et al.,
2004; Jacob et al., 2008). Shaded tomato fruits produced significantly less ascorbic acid
than those that were unshaded (Gautier et al., 2009), so supplemental light quality and
quantity could enhance this key vitamin in greenhouse-grown tomatoes.

With all of this in mind, little work has been done relating supplemental lighting
quality to the phytochemical and sensory properties of long-duration greenhouse crops
such as tomato. It was the objective of our study to determine if different qualities of
supplemental light could modulate phytochemicals in tomato fruits by leveraging
responses driven by different photoreceptor proteins. We hypothesized that direct
supplementation of tomato-fruit clusters with light would alter the concentrations of
ascorbic acid, carotenoids, and polyphenolic compounds, depending on the quality of
light used. To test these hypotheses, we supplemented greenhouse tomatoes grown using
commercial practices with different qualities of light from HPS fixtures or custom-built
intracanopy LED towers. The same variety used in one greenhouse study was also grown
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outdoors to establish “garden-grown” quality standards. Furthermore, many
phytochemicals important for human health are derived from similar pathways as key
volatile organic compounds (VOCs) that give tomatoes their unique flavor and aroma
(Tieman et al., 2006a, 2012). We included a consumer sensory panel in one study to
gauge how different light treatments would affect the flavor and quality of greenhousegrown tomatoes.

Materials and Methods
Experiment 1
Plant materials and growing conditions. ‘Komeett’ tomato seeds (kindly provided
by De Ruiter Seeds, Columbus, OH) were sown into Agrifoam soil-less plug strips
(SteadyGROWpro; Syndicate Sales, Kokomo, IN) in mid-summer, 2014, and relocated to
a glass-glazed greenhouse located in West Lafayette, IN (lat. 40°N, long. 86°W; USDA
hardiness zone 5b). Fertigation was carried out on an as-needed basis using an acidified
fertilizer solution that contained a 3:1 mixture of 15N-2.2P-12.5K and 21N-2.2P-16.6K,
respectively, to providing 200 N-NO3, 26 P, 163 K, 50 Ca, 20 Mg, and micronutrients
(mg·L‒1; The Scotts Co., Marysville, OH). After 4 weeks, seedlings were transferred into
rooting blocks (SteadyGROWpro; Syndicate Sales) and placed onto wetted coconut coir
slabs (Riococo 200, Ceyhinz Link International Inc., Dallas/Fort Worth Metroplex of
Texas, TX). Slabs were placed onto custom milled steel gutters (9.8m x 25 cm; FormFlex
Horticultural Systems, Ontario, Canada) aligned East-West. Stem density was originally
3.3 stems/m2 but later reduced to 2.2 stems/m2 5 weeks after transplanting. Plants were
irrigated using a commercially standard fertilizer mix (4.5N-14P-34K; CropKing, Lodi,
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OH) and irrigation frequency was adjusted regularly to meet a leaching fraction of 30%.
(4.5N-14P-34K; CropKing, Lodi, OH) providing a daily leaching fraction (LF) of 30%.
Electrical conductivity (EC) and pH of the influx and efflux were each day using a handheld EC and pH meter (Hanna Instruments, Woonsocket, RI) to ensure that values were
maintained within recommended ranges (2.5-3.5 dS·m-1 and 5.8-6.3 for EC and pH,
respectively) (Jones, Jr., 2008). Average ambient day and night temperatures of the
greenhouse were set to 25 °C and 15 °C, respectively. Plants were trellised on a high-wire
system similar to that used in industry in order to fully replicate an industrial tomato
growing operation. Plants were leaned and lowered to allow for continued and
manageable indeterminate growth. The experiment lasted approximately 4 months.

Lighting treatments. The greenhouse was divided into three blocks using movable
double-layered 6-mil (.015 cm) white polyethylene plastic curtains that were 3.6 m in
height. These curtains prevented stray light from confounding different experimental
treatments. When supplemental lighting treatments were not in use, the curtains were
withdrawn to allow for maximum transmission of solar PAR into the plant canopies.
Each block was divided into four, 1.8 x 2.4 m sections allowing for four different
treatments to be represented in each block. Each section was divided by a piece of white
polyethylene that was large enough to reduce light pollution between treatments within a
block, but not inhibit airflow within the greenhouse. Eight double-headed plants were
grown within each treatment.
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Supplemental light treatments began in September, 2014 and provided an average
daily light integral (DLI) of 10, 13.8, 13.8 mol·m‒2·d‒1 for September, October, and
November, respectively. Supplemental light treatments included: 600-W overhead (OH)HPS lamps (HS2000; P.L. Lights, Beamsville, Ontario, Canada), intracanopy lighting
(ICL)-LED towers [2.5-m-tall, with three 0.60 × 0.12 m LED zones irradiating both
directions within a row; each panel had four red and one blue (627 and 450-nm peak
wavelength, respectively), dimmable LED strips with 12 LEDs mounted vertically per
strip; actively air-cooled; Orbital Technologies Corporation, Madison, WI], or hybrid
lighting using two LED interlighting modules [2.5-m long, with one horizontal strip of
160 red and 40 blue LEDs (alternating; 660 and 450-nm peak wavelength, respectively)
irradiating bidirectionally within two side-by-side plants; passively air-cooled;
GreenPower LED interlighting module dr/b, Philips, Eindhoven, The Netherlands] (60
cm between interlights) + 400 W OH-HPS lamps (LU400ECO; Sylvania, Toronto,
Ontario, Canada). Both LED lamp types provided a mix of 93% red and 7% blue. A
control treatment was included that relied only on solar PAR for plant growth and
development.

Prior to starting the experiment, a light map was conducted at night at three different
canopy heights to determine the maximum photosynthetic photon flux (PPF) for each
supplemental lighting treatment without interference from plant tissues. Global PPF was
measured using a spherical quantum sensor (LI-250A; LI-COR Biosciences) calibrated
against a spectroradiometer (EPP-2000; StellarNet Inc., Tampa, FL). (180 μmol·m‒2·s‒1).
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To compensate for this discrepancy, a different photoperiod was used to achieve the same
DLI. The relative photon flux of all treatments can be found in figure 3.1.

Air temperature and solar DLI were monitored throughout the experimental period
using shielded temperature probes (107-L) and quantum sensors (190 SB; LI-COR
Biosciences, Lincoln, NE), respectively, interfaced to a datalogger (CR1000; Campbell
Scientific, Logan, UT). Shielded temperature probes were placed at mid-canopy height in
the center of each of the three-treatment replication. Quantum sensors monitored solar DLI
at three heights within the greenhouse: 1) mid-canopy height in control treatments; 2)
directly above top-canopy height in control treatments; and 3) above greenhouse rafters.
Measurements were made every 10 s and data were recorded at 10-min intervals. Relative
humidity was measured by a Priva sensor (Priva, De Lier, Netherlands) located in the
center of the greenhouse. These data can be found in figures 3.2, 3.3, and 3.4.

Chemical reagents. Chemicals used in these studies can be found under the same
heading in Chapter 2.

Tissue collection and processing. Tomato fruit clusters with Stage 5 fruits (>60%
of fruit is red) (USDA Tomato Ripeness Classification) from three randomly chosen
plants within each treatment rep within each block (nine plants total per treatment) were
harvested, weighed, and allowed to ripen to Stage 6 (>90% red) at room temperature (~23
°C) to simulate how a consumer would ripen store-purchased tomato fruit clusters at
home. Fruit color measurements and processing were performed as described in Expt. 1,
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Chapter 2. Each sample was an aggregate of three fruits and all harvests took place within
three weeks in mid to late November, 2014.

Basic physicochemical (PC) analyses. Basic PC attributes were performed as
described in Expt. 1, Chapter 2.

Carotenoid extraction and quantification. Carotenoids were analyzed with a
spectrophotometer (Shimadzu UV160U; Shimadzu Corp., Kyoto, Japan) according to
Nagata and Yamashita (1992) and a more detailed procedure can be found in Expt. 1,
Chapter 2.

Total phenolics. Total phenolics were measured as described in Expt. 1, Chapter
2.

Quantification of fruit tissue flavonols with HPLC-ESI(-)-MS. Lyophilized tomato
fruit tissue was extracted and analyzed for specific flavonols as described in Expt. 1,
Chapter 2. Representative chromatograms can be seen in Appendix 4.

Statistical analysis. Data were analyzed as a randomized complete block design and
were subject to analysis of variance (ANOVA) and the general linear model procedure of
SAS for pooling decisions (v 9.4; SAS Institute, Cary, NC). Additionally, planned
comparisons of means at α = 0.05 using Tukey’s honestly significant difference (HSD) test
were used. Greenhouse treatments were compared to outdoor control values using T-tests
(α = 0.05).
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Outdoor Field Trial
Plant materials and growing conditions. Field trial experiments were conducted as
described in Expt. 1, Chapter 2. Outdoor temperature, relative humidity, and light intensity
can be found in appendix 1, 2, and 3.

Tissue collection, processing, PC analyses, carotenoids, phenolics, and flavonols.
For the variety ‘Komeett’, fruit clusters were allowed to ripen on the plant until most fruits
within a cluster were at Stage 5 (USDA Tomato Ripeness Classification). Fruits were
brought back to the lab and stored for an additional two days (23 °C) to allow fruits to reach
Stage 6. All lab work associated with the aforementioned physicochemical fruit attributes
were performed as described in Expt. 1, Chapter 2. Each sample was an aggregate of ten
fruits from ten randomly selected plants and all harvests took place within two weeks in
late August, 2014.

Organoleptic sensory panels: Organoleptic sensory panels were conducted as
described in Expt. 2, Chapter 2.

Experiment 2
Plant materials and growing conditions. Seeds of rootstock ‘Maxifort’ (S.
lycopersicum × S. habrochaites, De Ruiter Seeds, Bergshenhoek, The Netherlands) and
the scion ‘Merlice’ (De Ruiter Seeds; truss-type) were sown into Agrifoam soil-less plug
strips (SteadyGROWpro; Syndicate Sales, Kokomo, IN) early December, 2014. ‘Merlice’
seedlings were grafted onto ‘Maxifort’ stems and allowed to heal in a dark and humid
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chamber. Once healed, plants were transferred to onto rooting blocks (SteadyGROWpro;
Syndicate Sales) and placed onto wetted Agrifoam slabs (SteadyGROWpro; Syndicate
Sales, Kokomo, IN). Plant culture was conducted as described in Expt. 1, Chapter 3. Plants
were pruned to two leading heads and the experiment lasted 5 months.

Lighting treatments. Five separate metal gutters (aligned North-South) spanned
the greenhouse. Each gutter was able to accommodate three custom-built LED towers
(Orbitec, Madison WI). Treatments were separated by a piece of double-layered 6-mil
(.015 cm) white polyethylene plastic curtains that was 3.6 m in height and 1.3 m in width.
Within each treatment were four individual, double-headed plants (two on each side of a
tower). With five treatments total, each treatment was replicated three times in the
greenhouse in a randomized location. The supplemental lighting treatments were as
follows: A: 0% Blue, 80% red, 20% far-red (peak wavelengths: 640 and 730 nm,
respectively); B: 10% blue, 90% red, 0% far-red (peak wavelengths: 442 and 640 nm,
respectively); C: unsupplemented control with an unlit tower installed to mimic any
potential shading effects of the LED lighting systems; D: 25% blue, 60% red, 15% farred (peak wavelengths: 456, 640, and 730 nm, respectively); E: 30% blue, 70% red, 0%
far-red (peak wavelengths: 442 and 640 nm, respectively). Prior to the beginning of the
experiment, all LED towers were calibrated to emit 180 μmol·m‒2·s‒1 at plant level and
were run for 16 hours a day totaling 10.4 mol·m‒2·d‒1. PPF was measured with a
spherical quantum sensor (LI-250A; LI-COR Biosciences) calibrated against a
spectroradiometer (EPP-2000; StellarNet Inc., Tampa, FL). Relative photon flux and
phytochrome photostationary states can be seen in Figure 3.5 and Table 3.7.
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Air temperature and relative humidity were monitored throughout the
experimental period using Priva environmental monitoring stations (Priva, De Lier,
Netherlands) located in the center of the greenhouse. These data can be found in figures
3.2 and 3.4.

Tissue collection, processing, PC analyses, carotenoids, phenolics, and flavonols.
Tomato fruit clusters were allowed to ripen on the plant until most fruits were at Stage 6
(USDA Tomato Ripeness Classification) to maximize any potential benefit of the
supplemental light treatments during ripening. All lab work associated with the
aforementioned physicochemical fruit attributes was performed as described in Expt. 1,
Chapter 2. Each sample was an aggregate of 3 fruits, and all harvests took place within 3
weeks in late April and early May, 2015.

Organoleptic sensory panels: Select fruit clusters of similar developmental stage
were allowed to ripen to Stage 6 (USDA Tomato Ripeness Classification) while attached
to the plant. Sensory panels were conducted as described in Expt. 2, Chapter 2.

Statistical analysis. Data were analyzed as a randomized factorial design and were
subjected to analysis of variance (ANOVA) using SAS (v 9.4; SAS Institute, Cary, NC).
Planned comparisons of means at α = 0.05 using Tukey’s honestly significant difference
(HSD) test were used.
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Results
Mass and Colorimetric Attributes
Expt. 1. Fruit mass was statistically similar between the greenhouse treatments
and outdoor-grown fruits (Table 3.1). Fruit water content was similar among the
greenhouse treatments and all were significantly higher than that of field-grown fruits.
Colorimetric attributes (L, a, b, and the a/b ratio) were statistically similar for all
greenhouse treatments. However, L was statistically lower in the control, hybrid, and
ICL-LED treatment compared to outdoor-grown fruits. The “a” and a/b ratio values were
statistically higher in all greenhouse treatments compared to field grown fruits.

Expt. 2. Treatment A yielded fruits with the highest mass compared to other
greenhouse treatments. Treatment C yielded fruits with the lowest mass, but they were
not statistically different from fruit from treatments B, D, and E. Fruit water content was
statistically similar in all greenhouse treatments. The “L” value was the lowest in
treatment A, but similar to treatment A and B. Treatment E had the highest “L” value,
which was similar to treatments B and C. The “b” value was highest in treatment E,
which was not different from treatment B and C. Treatments B, C, and D were not
different from one another, and treatment D was similar to treatment A, which had the
lowest “b” value. The “a” value and the a/b ratio were similar among all five treatments.

Basic Physicochemical Properties
Expt. 1. Brix, total sugar, pH, titratable acidity, total acids, sugar to acid ratio, and
EC were statistically similar among greenhouse treatments (Table 3.2). All greenhouse
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treatments had statistically lower Brix, total sugar, and total acids compared to outdoorgrown fruits. OH-HPS, Hybrid, and ICL-LED treatments had statistically lower pH
compared to outdoor-grown fruits, but controls were similar. OH-HPS and ICL-LED had
statistically lower and higher titratable acidity, respectively, compared to outdoor-grown
fruits. All greenhouse treatments except for OH-HPS were statistically lower than
outdoor-grown fruits for the sugar/acid ratio. EC was the same between greenhouse
treatments and outdoor-grown fruits.

Expt. 2. All basic physicochemical properties statistically similar among
treatments A, B, C, D, and E.

Antioxidant Compounds
Expt. 1. Ascorbic acid concentration was highest in the ICL-LED supplemented
fruits, but not different than Hybrid or OH-HPS (Table 3.3). None of these treatments
were different compared to outdoor-grown fruits. Controls had the lowest ascorbic acid
concentration on a dry weight basis. LED supplemented fruits had statistically higher
ascorbic acid compared to outdoor-grown fruits, but ICL-LED supplemented fruits were
not different from Hybrid or OH-HPS fruits. When fresh fruit mass was taken into
account, total ascorbic acid was statistically similar among all greenhouse treatments and
statistically lower than outdoor-grown fruits. Phenolics were the same among the four
greenhouse treatments and similar to outdoor-grown fruits except for ICL-LED which
was statistically higher. Total phenolics (corrected for fresh fruit weight) were
statistically the same for all greenhouse treatments. However, control, OH-HPS, and
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hybrid treatments were statistically lower than outdoor-grown fruits. Rutin concentration
was statistically lowest in OH-HPS supplemented tomatoes and these fruits were
statistically equal to hybrid and control fruits. Hybrid and control fruits were also
statistically equal to ICL-LED supplemented fruits which had the highest rutin
concentration. However, total rutin per fruit was the same for all greenhouse treatments
and statistically lower than outdoor controls. Kaempferol-3-O-rutinoside concentration
and total kaempferol-3-O-rutinoside were unaffected by the greenhouse treatments.
Kaempferol-3-O-rutinoside dry weight concentration in all greenhouse treatments was
statistically higher than outdoor-grown fruits. When fresh mass was taken into account,
kaempferol-3-O-rutinoside concentration per fruit was equal among all greenhouse
treatments and outdoor-grown fruits.

Expt. 2. All water soluble antioxidant compounds measured in this study were
found to be unaffected by the five greenhouse treatments for both concentration and total
fruit content.

Carotenoids
Expt. 1. All carotenoids measured in this experiment, both in terms of dry weight
concentration and amount per fruit were statistically the same among the greenhouse
treatments (Table 3.4). Lycopene dry weight concentrations were statistically similar
among the greenhouse treatments and outdoor-grown fruits. Additionally, all treatments
were significantly lower than outdoor-grown fruits for both concentration and total
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content except for control, OH-HPS, and ICL-LED fruits with regard to β-carotene dry
weight concentration, as they were statistically the same as outdoor-grown fruits.

Expt. 2. All carotenoids were found to be unchanged by the five greenhouse
treatments in both concentration and total fruit content.

Organoleptic Sensory Panels
Expt. 2. All absolute and hedonic ratings for all greenhouse treatments were
statistically the same for all greenhouse treatments. All treatments were above 5.0 for
overall acceptance, indicating that fruits from all treatments left a similar, above-neutral
impression on tasters.

Discussion
While these studies tested the use of supplemental light to influence the flavor and
phytochemical profile of tomato fruits grown in an industrial production scheme, few
attributes were statistically significant or significantly different in a way that might
indicate a potential benefit for human health. As one of the Cardinal factors for plant
growth, light has been known to affect crop yield for many years. Within greenhouses
and specifically within the context of intracanopy supplemental light, intracanopy
lighting has been shown to directly increase yield of high-wire vegetable crops (Gómez et
al., 2013; Hovi et al., 2004; Hovi-Pekkanen and Tahvonen, 2008; Pettersen et al., 2010).
Control fruits in Expt. 1 and Expt. 2 did not receive the benefit of supplemental lighting
and were smaller as a result (Table 3.1). That said, the differences between controls and
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supplemental lighting treatments were not statistically different in Expt. 1 and differences
that were significant in Expt. 2 may not be significant to a commercial grower.

Tomato-fruit color, as determined using the Hunter L, a, and b color coordinates,
is directly related to fruit tissue pigmentation (Brandt et al., 2006; Helyes et al., 2006). In
our studies, these data were collected both as a proxy for fruit-pigment concentrations
and to quantify what a commercial grower or consumer would see as a final product. In
Expt. 1, all color attributes were similar among the greenhouse treatments. However, “L”
and “a” as well as the a/b ratio were different than outdoor-grown fruits, which served as
a benchmark for “garden grown” tomatoes. The lower “L” values (lightness) of
greenhouse grown fruits may indicate that outdoor-grown fruits had more epicuticular
wax on their fruit surface, which could be due to environmental conditions as well as the
presence of ultraviolet B (UV-B) radiation (Tevini et al., 1981; Buschhaus and Jetter,
2011). The “a” values were statistically higher in greenhouse-grown fruits, indicating that
these fruits were “redder” than those of the same variety grown outdoors. This begs the
prediction that greenhouse-grown fruits would have more lycopene, a major carotenoid
found in tomato fruits that imparts a red color (Ronen et al., 1999; Frusciante et al.,
2007). Curiously, outdoor-grown fruits had similar concentrations as greenhouse-grown
fruits (Table 3.4). Perhaps the partitioning of carotenoids was different in the field grown
fruits compared to those grown in the greenhouse, which could explain the inverse trends
seen with the colorimetric and carotenoid data, but we did not analyze different fruit
tissues for carotenoids, so this is speculative. Some differences in color attributes were
seen in Expt. 2 for “L” and “b” values. While significant, it is unlikely that the significant
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differences for “L” in Expt. 2 would be perceptible to a grower or consumer with a
similar sentiment for the “b” value. “b” corresponds to fruit yellowness which would
logically be synchronized with β-carotene content. Carotenoids were not different in
Expt. 2 (Table 3.4), nor do the trends present in the means necessarily match those seen
in the colorimetric data (Table 3.1). Thus, it is difficult to find a cause-effect relationship
for the significant differences in fruit color in Expt. 2 while the compounds responsible
for fruit color were not different.

To estimate how consumers might perceive tomatoes grown with different
supplemental light treatments, various physicochemical metrics such as Brix, pH,
titratable acidity, and EC were measured. All of these attributes, including their
corrections for fruit mass (total sugar and total acids), were found to be non-significant in
all light treatments in both Expts. 1 and 2 (Table 3.2). Brix, which corresponds with sugar
content, was higher in outdoor-grown fruits likely due to cultural differences. Outdoorgrown fruits received infrequent waterings after establishment and were grown in a
cambric-loam soil as opposed to the hydroponically grown greenhouse tomatoes that
were grown in coconut coir and frequently irrigated. It is well known that low water
status and increased soil/media EC increases sugar, titratable acids, and carotenoids in
tomato fruits (Mitchell et al., 1991; Wu et al., 2004; Wu and Kubota, 2008; Segura et al.,
2009; Yin et al., 2010; Kubota et al., 2012), so this phenomenon may in part explain the
differences in these attributes between greenhouse and outdoor-grown fruits. Some
differences were seen with fruit pH between the greenhouse and outdoor-grown fruits.
However, the differences in pH are not of biological significance. OH-HPS and ICL-LED
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supplemented plants yield fruits with significantly lower and higher titratable acidity,
respectively, compared to outdoor-grown controls. When fruit mass was considered, all
greenhouse treatments were statistically lower than outdoor-grown fruits. However, this
effect was likely a result of the larger mass of outdoor-grown fruits compared to
greenhouse fruits (Table 3.1). The sugar/acid ratio was lower in all greenhouse treatments
compared to outdoor-grown fruits due to the higher Brix in the outdoor-grown fruits.
Fruit serum EC, a broad measurement of all charged compounds present in the tomato
fruit serum, was unaffected both by environment and the greenhouse light treatments,
perhaps indicating similar fruit mineral content.

Tomato fruits, prior to ripening, are photosynthetically active organs and account
for 15% of photosynthate produced by the entire plant (Carrara et al., 2001). We
hypothesized that intracanopy supplementation would positively affect the accumulation
of sugars in fruits and perhaps organic acids because of the relationship between the
pathways involved. However, it has been shown that tomato-fruit photosynthesis is more
closely linked to seed development and does not necessarily dictate the accumulation of
sugars within fruits (Lytovchenko et al., 2011). Importantly, the tomato varieties used in
Expts. 1 and 2 are modern commercial varieties that lack the Golden 2-like transcription
factor that allows for conspicuous, light-mediated carbohydrate accumulation in fruits
(Powell et al., 2012). This was selected against in breeding programs during the 20th
century that were trying to achieve more uniformly ripening fruits to improve the
consistency of tomato ripeness at harvest. Furthermore, (Gautier et al., 2005a) used
plastic films to only allow specific wavelengths of light to be incident on tomato fruit
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clusters. Sugars and titratable acidity were unaffected by light quality in that study, which
parallels our findings.

A major objective of these studies was to improve the flavor of greenhouse-grown
tomatoes. Tomato flavor is a complex interaction between VOCs, sugars, and acids
(Baldwin et al., 2008). Based on our hypotheses regarding sugars and acids as well as the
knowledge that environmental conditions, including light, can regulate the production of
VOCs (Dalal et al., 1968; Loughrin and Kasperbauer, 2003; Colquhoun et al., 2013), we
were surprised that the supplemental light treatments in Expt. 2 were unable to modify
(either positively or negatively) the sensory quality of tomato fruits. Both absolute ratings
(Table 3.5) and hedonic ratings (Table 3.6) were statistically similar for all five
treatments. Given the data for physicochemical attributes related to the perception of
tomato flavor (Table 3.2), the results of the sensory panels follow the non-significant
trends seen in the physicochemical data. Colquhoun et al. (2013) used red, blue, and farred light from LEDs to modify the VOC profiles of petunias (Petunia x hybrida ‘Mitchell
Diploid’), tomatoes (‘M82’), strawberries (Fragaria x ananassa ‘Strawberry Festival’),
and blueberries (Vaccinum corymbosum ‘Scintilla’) and compared the VOC profiles of
these crops to dark controls or white-light controls from cool-white fluorescent lamps.
The different lighting treatments greatly affected the emission of prominent VOCs from
the horticultural products tested in this study. While the intensity of light used in the
Colquhoun et al. (2013) study (50 μmol·m‒2·s‒1) was significantly less than that used in
our study (180 μmol·m‒2·s‒1), the Colquhoun study was conducted in a sole-source
environment where no other wavelengths of light could confound their results.
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Conversely, our study was conducted in a greenhouse and, as such, our plants were
subjected to a dynamic light environment that shifted throughout the day due to solar
tracking. Additionally, the fruits measured in Expt. 2 were collected in April when solar
radiation was becoming more dominant in terms of the total light received by the plants.
As such, the contribution of solar radiation likely exceeded that of the supplemental
lighting. In Expt. 1, fruits were collected during late November when solar radiation was
only a minor component of total light, but no sensory data were collected. However, past
experiments performed in this lab indicate that the light treatments used in Expt. 1 would
not influence fruit sensory quality.

Environmental conditions, including light quality and quantity, have been shown
to modulate the same water-soluble antioxidant compounds that were measured in these
studies (Table 3.3). Gautier et al. (2009) conducted an experiment separating the
individual effects of irradiance on fruit and leaves on fruit ascorbate content and found
that direct irradiation of the fruits was primarily responsible for the light-induced
production of ascorbic acid in tomato fruits. The phytochrome and cryptochrome
photoreceptor families are partly responsible for mediating anthocyanin and flavonol
accumulation in plants (Duell-Pfaff and Wellmann, 1982; Oelmüller and Mohr, 1985;
Beggs et al., 1987). The overexpression of CRYPTOCHROME 2 (CRY2), a blue/UV-A
sensing protein and one of three cryptochromes found in tomato plants, greatly increased
flavonoids and carotenoids in fruit tissues showing a direct link between blue light
perception and phytochemical biosynthesis (Giliberto et al., 2005). In lettuce,
supplementation with red light increased phenolic compounds while far-red light
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decreased anthocyanins by 40%, whereas supplementation with blue light increased
anthocyanins by 31% (Li and Kubota, 2009). With this in mind, we hypothesized that
blue, red, and far-red light would modify the concentrations and total contents of fruit
ascorbic acid, flavonols (i.e. rutin and kaempferol-3-O-rutinoside), and total phenolics.
Similar to other fruit attributes that were measured, the water-soluble antioxidant
compounds were found to be statistically similar in all light treatments in Expts. 1 and 2.
Ascorbic acid concentration was lowest in controls in Expt. 1 which appears to be due to
low light levels. However, when ascorbic acid concentration was converted into total
ascorbic acid per fruit, the differences among treatments were non-significant. Total
ascorbic acid, phenolics per fruit, and rutin per fruit were statistically lower than outdoorgrown fruits. Again, this could be due to a myriad of environmental differences, but light
quality/quantity as well as temperature are among the major differences between
greenhouse and field production that affect the water-soluble antioxidant compounds
measured in these studies (Beggs et al., 1987; Gautier et al., 2005b, 2008, 2009; Massot
et al., 2011).

Carotenoid biosynthesis is also known to be sensitive to environmental
conditions. Photoselective films placed over tomato clusters by Gautier et al., (2005a)
showed that blue light increased lycopene and β-carotene concentrations in the fruits,
likely through a cryptochrome-dependent action. Blue light increased carotenoids in
lettuce (Li and Kubota, 2009), kale (Lefsrud et al., 2008), and broccoli microgreens
(Kopsell and Sams, 2013). The overexpression of CRY2 in tomatoes substantially
increased flavonoids and carotenoids in tomato fruits, again, providing a link between
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cryptochrome, blue light, and carotenoid content. On the other hand, red light is also
critical for carotenogenesis in plant tissues. Fruit-localized phytochromes were found to
mediate carotenogenesis in tomato fruits, and carotenoid content could be enhanced or
antagonized by red or far-red light, respectively (Thomas and Jen, 1975; Alba et al.,
2000). Our hypothesis that blue, red, and far-red light would modify the carotenoid
content in greenhouse-grown tomatoes was not confirmed in our studies (Table 3.4). All
light treatments in Expts. 1 and 2 were statistically similar to one another as well as
unsupplemented controls. Similarities in phytochemical composition was most surprising
in Expt. 2, in which more drastic light treatments were used, although the phytochrome
photoequilibrium between treatments was not grossly different (Table 3.7). Outdoorgrown fruits were higher in both lycopene and β-carotene which is likely due to
differences in environmental factors such as soil EC and water status, among other
things.

A large body of literature supports the idea that supplemental light can greatly
influence the sensory and nutritional properties of horticultural crops, yet the results of
our studies were perpendicular to this consensus. A critically different aspect of our
studies was that they were conducted in a greenhouse in which the light environment was
highly dynamic due to sunlight and weather conditions, whereas the vast majority of
photobiology literature is conducted in growth chambers or other sole-source settings.
Solar radiation is comprised of over 33% green light regardless of the time of year
(Gómez and Mitchell, 2015). That said, green light has been shown to inhibit the action
of cryptochrome, likely through modifying the photoreduction cycle of the flavin adenine
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dinucleotide (FAD) chromophore, which is crucial for cryptochrome’s perception of light
(Banerjee et al., 2007; Bouly et al., 2007). Green light can also antagonize red and bluelight mediated hypocotyl inhibition in Arabidopsis seedlings (Folta, 2004) and Zhang
and Folta, (2012) found that including green light in a red/blue sole-source spectrum
decreased anthocyanins in Arabidopsis in a dose-dependent manner. Wang et al. (2013)
confirmed that green light can interact with red and blue light sensing mechanisms in a
complex manner in Arabidopsis seedlings. Although our studies were conducted using
mature tomato plants, the findings above might hold true in a high-light environment
such as a greenhouse or outdoors. These findings lend to the idea that the green light
present in solar PAR nullified the red, blue, and far-red effects of our supplemental
lighting treatments.

Conclusion
Our results indicate that the quality of supplemental light did not significantly
influence the physicochemical or sensory quality of greenhouse-grown tomatoes. In most
cases, outdoor-grown fruits were statistically different than those grown in a greenhouse
production system and many nutritionally important phytochemicals, such as carotenoids
and flavonols, were in higher concentration in outdoor-grown fruits. While LEDs are
being adopted by commercial growers as a way to reduce energy costs, their use to
enhance the sensory or nutritional properties of crops may be limited to microgreens,
herbs, and leafy greens that are amenable to being grown in sole-source-lighting
environments. More research is needed to better understand how photobiological
processes are regulated in variable light environments like greenhouses.
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Table 3.1 Means and standard errors of mass, fruit water content, and colorimetric attributes.

Mass (g)

Water Content

L

a

b

a/b

Expt. 1
Con.
OH-HPS
Hybrid
ICL-LED
Outdoor

n=9
n=9
n=9
n=9
n=3

107.71±4.54a
128.15±5.02a
129.01±8.26a
126.02±5.44a
169.19±3.82

95.63±0.14a*
95.62±0.25a*
95.6±0.23a*
95.5±0.23a*
94.11±0.06

41.26±0.25a*
41.81±0.08a
40.4±0.13a*
40.56±0.21a*
42.3±0.003

31.26±0.41a*
32.05±0.63a*
32.13±0.92a*
32.42±0.48a*
28.26±0.46

24.07±0.35a
24.28±0.28a
23.6±0.17a
23.94±0.42a
24.45±0.23

1.31±0.02a*
1.33±0.15a*
1.37±0.03a*
1.36±0.01a*
1.15±0.01

n=6
n=6
n=6
n=6
n=6

163.91±5.77a
158.78±5.03ab
142.67±4.68b
157.28±4.8ab
155.61±2.2ab

94.5±0.28a
94.95±0.11a
95.04±0.33a
94.59±0.16a
94.78±0.09a

38.57±0.25b
39.61±0.37ab
39.97±0.25a
38.7±0.19b
40.1±0.36a

25.2±0.66a
27.04±0.41a
25.3±0.73a
26.16±0.18a
26.26±0.42a

19.21±0.35c
21.11±0.51ab
20.37±0.17abc
19.61±0.32bc
21.32±0.54a

1.32±0.34a
1.29±0.03a
1.25±0.04a
1.34±0.02a
1.24±0.02a

Expt. 2
A
B
C
D
E

* Significantly different at P ≤ 0.05 to outdoor controls within individual experiments. Values with
different letters within an experiment are statistically different as determined by a Tukey’s
honestly significant difference (HSD) test (α = 0.05). The supplemental lighting treatments in Expt. 2
were: A: 0% Blue, 80% red, 20% far-red, B: 10% blue, 90% red, 0% far-red, C: unsupplemented
control, D: 25% blue, 60% red, 15% far-red, and E: 30% blue, 70% red, 0% far-red.

n=6
n=6
n=6
n=6
n=6

n=9
n=9
n=9
n=9
n=3

3.82±0.15a
3.75±0.04a
3.77±0.31a
3.83±0.12a
3.8±0.05a

3.43±0.05a*
3.52±0.16a*
3.56±0.09a*
3.81±0.06a*
4.17±0.03

6.23±0.22a
5.96±0.21a
5.4±0.51a
6.05±0.34a
5.91±0.11a

3.69±0.15a*
4.11±0.17a*
4.56±0.27a*
4.79±0.18a*
7.01±0.06

Total Sugar (g)z

4.1±0a
4.12±0.02a
4.17±0.03a
4.15±0.02a
4.08±0.02a

4.17±0.02a
4.12±0.02a*
4.11±0.01a*
4.13±0.02a*
4.2±0

pH

4.95±0.05a
4.97±0.19a
4.91±0.25a
4.97±0.16a
4.95±0.12a

4.41±0.06a
4.01±0.95a*
4.47±0.17a
4.69±0.13a*
4.4±0.86a

Titratable
Acidity (g/L)

0.81±0.03a
0.79±0.02a
0.7±0.04a
0.78±0.02a
0.77±0.03a

0.47±0.02a*
0.47±0.02a*
0.57±0.03a*
0.59±0.03a*
0.75±0.01

Total Acids
(g)y

7.72±0.31a
7.6±0.30a
7.64±0.33a
7.76±0.4a
7.7±0.16a

7.79±0.04a*
8.76±0.26a
8.0±0.15a*
8.17±0.26a*
9.47±0.02

Sugar/Acid

0.64±0.01a
0.65±0.02a
0.65±0.03a
0.64±0.02a
0.64±0.01a

0.59±0.01a
0.53±0.01a
0.58±0.02a
0.59±0.02a
0.57±0.12

EC (mS/cm)

y

Total Sugar represents Brix corrected for fruit fresh weight
Total Acids represents titratable acidity corrected for fruit fresh weight
* Significantly different at P ≤ 0.05 to outdoor controls within individual experiments. Values with different letters
within an experiment are statistically different as determined by a Tukey’s honestly significant difference (HSD)
test (α = 0.05). The supplemental lighting treatments in Expt. 2 were: A: 0% Blue, 80% red, 20% far-red,
B: 10% blue, 90% red, 0% far-red, C: unsupplemented control, D: 25% blue, 60% red, 15% far-red,
and E: 30% blue, 70% red, 0% far-red.

z

A
B
C
D
E

Expt. 2

Con.
OH-HPS
Hybrid
ICL-LED
Outdoor

Expt. 1

Brix

Table 3.2 Means and standard errors of basic physicochemical attributes
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n=6
n=6
n=6
n=6
n=6

n=9
n=9
n=9
n=9
n=3

1.68±0.07a
1.93±0.13a
2.13±0.11a
1.9±0.22a
2.08±0.1a

2.59±0.09b
2.94±0.19a
2.89±0.11a
3.27±0.31a*
2.51±0.1

15.07±0.74a
15.39±0.83a
14.87±0.82a
16.05±1.86a
16.77±0.37a

12.09±0.58a*
14.68±0.59a*
16.25±1.29a*
17.89±1.39a*
24.84±1.23

Ascorbic Acid
per Fruit
(mg/fruit)y

4.49±0.45a
4.75±0.38a
5.6±0.47a
5.0±0.26a
4.85±0.21a

5.4±0.21a
5.56±0.34a
4.94±0.41a
5.22±0.19a
5.05±0.54

Phenolics
(mg GAE/g
DW)

39.71±3.15a
37.53±1.72a
38.55±1.54a
42.51±2.73a
39.5±2.47a

23.27±1.68*
27.31±2.17a*
29.35±2.12a*
30.52±1.92a
36.17±0.35

Phenolics per
Fruit (mg
GAE/fruit)

44.45±1.1a
42.22±2.91a
44.0±5.38a
47.29±1.9a
48.15±2.91a

62.53±0.5ab
55.59±1.8b*
61.74±2.15ab*
65.89±2.64a
66.27±1.59

Rutin
concentration
(µg/g DW)

0.38±0.02a
0.34±0.023a
0.32±0.06a
0.4±0.02a
0.39±0.02a

0.29±0.01a*
0.29±0.02a*
0.35±0.03a*
0.37±0.03a*
0.62±0.03

Rutin per Fruit
(mg/fruit)

4.85±0.51a
4.6±0.53a
5.25±0.51a
5.14±0.3a
5.7±0.51a

5.37±0.13a*
3.78±0.3a*
3.85±0.21a*
4.17±0.25a*
2.3±0.14

Kaempferol-3O-rutinoside
concentration
(µg/g DW)

42.76±3.01a
37.1±4.83a
36.79±3.96a
43.7±3.16a
45.94±3.44a

25.03±0.73a
19.75±2.36a
22.01±2.28a
23.4±1.98a
22.75±1.13

Kaempferol-3O-rutinoside per
Fruit (µg/fruit)

y

DW = Dry weight
“Per fruit” represents concentration corrected for fruit fresh weight
* Significantly different at P ≤ 0.05 to outdoor controls within individual experiments. Values with different letters within an experiment are
statistically different as determined by a Tukey’s honestly significant difference (HSD) test (α = 0.05). The supplemental lighting treatments
in Expt. 2 were: A: 0% Blue, 80% red, 20% far-red, B: 10% blue, 90% red, 0% far-red, C: unsupplemented control, D: 25% blue, 60% red,
15% far-red, and E: 30% blue, 70% red, 0% far-red.

z

A
B
C
D
E

Expt. 2

Con.
OH-HPS
Hybrid
ICL-LED
Outdoor

Expt. 1

Ascorbic Acid
(mg/g DW)z

Table 3.3 Means and standard errors of ascorbic acid, total phenolics, and select flavonols.
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Table 3.4 Means and standard errors of major fruit carotenoids.

Lycopene
Concentration
(mg/g DW)z

Lycopene per
Fruit
(mg/fruit)y

β-Carotene
Concentration
(mg/g DW)

β-Carotene per
Fruit (mg/fruit)

Expt. 1
Con.
OH-HPS
Hybrid
ICL-LED
Outdoor

n=9
n=9
n=9
n=9
n=3

0.83±0.05a
0.76±0.08a
0.7±0.05a
0.83±0.06a
0.82±0.08

3.88±0.26a*
3.84±0.38a*
3.93±0.37a*
4.64±0.38a*
8.09±0.73

0.31±0.02a
0.27±0.02a
0.26±0.01a*
0.28±0.02a
0.31±0.05

1.46±0.1a*
1.37±0.08a*
1.43±0.11a*
1.54±0.09a*
3.08±0.41

n=6
n=6
n=6
n=6
n=6

0.5±0.05a
0.54±0.05a
0.6±0.04a
0.55±0.03a
0.56±0.06a

4.53±0.53a
4.36±0.47a
4.27±0.42a
4.65±0.32a
4.58±0.59a

0.18±0.04a
0.16±0.01a
0.23±0.04a
0.16±0.007a
0.19±0.02a

1.62±0.32a
1.3±0.09a
1.53±0.19a
1.35±0.05a
1.53±0.12a

Expt. 2
A
B
C
D
E
z

DW = Dry weight
“Per fruit” represents concentration corrected for fruit fresh weight
* Significantly different at P ≤ 0.05 to outdoor controls within individual
experiments. Values with different letters within an experiment are
statistically different as determined by a Tukey’s honestly significant
difference (HSD) test (α = 0.05).The supplemental lighting treatments in
Expt. 2 were: A: 0% Blue, 80% red, 20% far-red, B: 10% blue,90% red,
0% far-red, C: unsupplemented control, D: 25% blue, 60% red, 15% far-red,
and E: 30% blue, 70% red, 0% far-red.
y

n=47
n=47
n=47
n=47
n=47

6.51±0.17a
6.28±0.24a
6.65±0.22a
6.51±0.26a
6.4±0.28a

6.04±0.24a
5.38±0.24a
5.28±0.27a
5.15±0.26a
5.57±0.32a

Aroma

4.04±0.27a
4.57±0.24a
4.51±0.26a
4.62±0.28a
4.49±0.27a

Sweetness

4.43±0.28a
5.12±0.29a
5.0±0.2a
5.11±0.3a
5.34±0.29a

Acidity

5.41±0.23a
5.66±0.23a
5.15±0.26a
5.45±0.24a
5.4±0.26a

Aftertaste

5.77±0.31a
5.87±0.27a
5.7±0.29a
5.64±0.32a
5.89±0.34a

Texture

All values were statistically similar as determined by a Tukey’s honestly significant difference (HSD)
test (α = 0.05). Means represent back-transformed ratings. The supplemental lighting treatments
were: A: 0% Blue, 80% red, 20% far-red, B: 10% blue, 90% red, 0% far-red, C: unsupplemented
control, D: 25% blue, 60% red, 15% far-red, and E: 30% blue, 70% red, 0% far-red.

A
B
C
D
E

Expt. 2

Color

Table 3.5 Means and standard errors of absolute ratings of select fruit attributes
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n=47
n=47
n=47
n=47
n=47

6.96±0.22a
6.54±0.27a
6.91±0.22a
6.77±0.22a
6.59±0.28a

6.36±0.24a
5.92±0.26a
5.83±0.21a
5.75±0.27a
5.79±0.32a

Aroma

5.23±0.27a
5.42±0.25a
5.3±0.26a
5.28±0.29a
5.36±0.27a

Sweetness

5.4±0.29a
6.19±0.22a
5.96±0.25a
5.49±0.24a
5.6±0.29a

Acidity

5.87±0.25a
5.94±0.21a
5.7±0.23a
6.02±0.26a
5.68±0.27a

Aftertaste

5.77±0.31a
5.87±0.27a
5.7±0.22a
5.64±0.32a
5.89±0.34a

Texture

5.89±0.23a
5.98±0.26a
5.96±0.26a
5.83±0.29a
5.81±0.32a

Overall
Approval

All values were statistically similar as determined by a Tukey’s honestly significant difference (HSD) test
(α = 0.05). Means represent back-transformed ratings. The supplemental lighting treatments were:
A: 0% Blue, 80% red, 20% far-red, B: 10% blue, 90% red, 0% far-red, C: unsupplemented control,
D: 25% blue, 60% red, 15% far-red, and E: 30% blue, 70% red, 0% far-red.

A
B
C
D
E

Expt. 2

Color

Table 3.6 Means and standard errors of hedonic ratings of select fruit attributes
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Table 3.7 Phytochrome photoequilibrium of supplemental light treatments in Expt. 2
Pfr/PTotal

Red/Far-Redz

Expt. 2
A
B
C
D
E
z

0.681
0.873
n/a
0.684
0.856

1.39
100.84
n/a
1.46
136.29

Red (600-700 nm), far-red (700-800 nm).
Values were calculated at 2 nm increments using the phytochrome photoequilibrium
equation by Sager et al. (1988).Supplemental lighting treatments in Expt. 2 were: A: 0%
Blue, 80% red, 20% far-red, B: 10% blue, 90% red, 0% far-red, C: unsupplemented
control, D: 25% blue, 60% red, 15% far-red, and E: 30% blue, 70% red, 0% far-red.
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Figure 3.1. Treatment-specific spectra [solar + supplemental lighting] averaged across
three leaf layers within a high-wire tomato canopy. Treatments included: overhead highpressure sodium (OH-HPS) lamps; intracanopy light-emitting diodes (ICL-LED); hybrid
supplemental lighting (OH-HPS + ICL-LED); or unsupplemented controls. Measurements
were collected inside a glass-glazed greenhouse on two clear-sky days using a
spectroradiometer.
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Day/Night Temperature for Expt. 1 and 2
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Figure 3.2. Day and night temperature spanning Expt. 1 and 2.
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Figure 3.3. Solar daily light integral (DLI) inside a glass-glazed greenhouse in West
Lafayette, IN (40° N. latitude). The dotted line represents the threshold of solar DLI below
which supplemental lighting was required for optimal tomato production.
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Day/Night Relative Humidity for Expt. 1 and 2
Relative Humidity (%)
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Figure 3.4. Relative day and night humidity spanning Expt. 1 and 2.
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Relative Photon Flux Expt. 2
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Figure 3.5. Relative photon flux of supplemental lighting treatments and ambient
greenhouse conditions. Supplemental lighting treatments in Expt. 2 were: A: 0% Blue,
80% red, 20% far-red, B: 10% blue, 90% red, 0% far-red, C: unsupplemented control, D:
25% blue, 60% red, 15% far-red, and E: 30% blue, 70% red, 0% far-red.
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Appendix A: Outdoor Environmental Conditions
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Appendix Figure A.1: Outdoor light intensity at solar noon
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Appendix Figure A.2: Outdoor day and night temperature
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Appendix Figure A.3: Outdoor day and night relative humidity
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Appendix B: Representative Chromatograms

Appendix Figure B.1: Representative chromatograms for kaempferol-3-O-rutinoside
(top) and quercetin-3-O-rutinoside (rutin; bottom).

